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ABSTRACT
Two acidic silt loam soils, Beaureguard and Gigger were 
used in a study involving Ca movement and A1 displacement 
from 15.2 cm laboratory soil columns. Each column was uni­
formly packed to the appropriate field bulk density. The top
5.1 cm portion of each column contained soil pre-mixed with 
powdered gypsum at rates of 0, 1 and 2 equivalents of the
exchangeable Al. Calcium movement and A1 displacement in 
the soil columns were accomplished by applying distilled- 
deionized water at a constant flow rate and the effluent was 
analyzed. In addition, a pulse containing dissolved gypsum 
at the rate of 4 Al equivalents was applied at a constant 
flow rate to unamended uniformly packed soil columns.
Results from leachate analysis indicate that the 
Beauregard soil retained more Ca than the Gigger soil. Ten 
PV of leachate were found to be sufficient for the removal 
of most of the exchangeable Al. However, Al was displaced 
earlier from the Gigger than the Beauregard. The displacing 
Ca was uniformly distributed within each soil column at the 
termination of the miscible displacement experiments. Total 
amount of Al leached were considerably less than the initial 
exchangeable Al for both soils. This was also true when the 
exchangeable Al at the termination of each experiment, was 
taken into account. Therefore, a portion of the Al was 
converted to non-extractable form.
xv
45 3 6Results of Ca and Cl displacement provided essen­
tial data on Ca and SO^ soil columns. Leachates were also 
analyzed for Mg, N a , Fe and Mn in order to predict trends 
typical of cations and anions movement in these soils. The 
pH of the effluents increased from 4.0 to over 6.0 as leach­
ing proceeded.
Results from this research suggest that shallow gypsum 
treatments will be capable of providing Ca and SO^ while 
displacing significant amounts of subsoil Al from permeable 




Subsoil toxicity is generally considered a major crop 
growth-limiting factor in many highly weathered tropical and 
subtropical regions. Generally pH affects the availability 
of many soil nutrients. The major tasks of several studies 
have been directed toward the understanding of the causes of 
the toxicity problem and ways to ameliorate it. Numerous 
attempts at solving acidity and toxicity have entailed the 
use of lime (Kamprath, 1970, 1971).
In the tropics, where rain-fed agriculture is prac­
ticed, and where many soils are virtually depleted of basic 
cations as opposed to acidic ones, the use of admendments 
for reducing the levels of toxic acidic ions appears plau­
sible. A thorough understanding of ion exchange processes 
is very pertinent to the reclamation of soils containing 
high levels of salinity or acidity. Such an understanding 
should provide the necessary tools for not only the allevia­
tion of the acid toxicity problems but also the eventual 
optimization of crop yield.
Miscible displacement studies with soil columns under 
controlled physical, chemical and mineralogical conditions 
should approximate natural conditions as much as possible. 
A critical characterization of the effluent and the solute 
behavior must be considered in order to provide all
2
necessary information pertinent to agricultural practices 
(Nielsen and Biggar, 1961, 1962, 1964).
Most of the upland soils of Louisiana are highly 
leached and may have high levels of aluminum in the subsoil 
which pose acidity and toxicity problems. These excessively 
high amounts of aluminum generally decrease the cation 
exchange capacity and render these soils marginally produc­
tive .
A systematic approach is desired if these soils are to 
be used for economical agricultural purposes. The tradi­
tional approach, mentioned above, has not always provided 
the desired results. The problem needs to be studied, 
understood, and readily available, economical and effective 
materials found to displace aluminum from the subsoil.
One such approach entails the use of the industrial by­
product gypsum (CaSO^.21^0). Though slightly soluble, when 
placed well into the subsoil of high rainfall regions, it 
could help alleviate some of the toxicity problems posed by 
aluminum, sodium, iron and manganese in the rooting zone. 
Such a practice could improve the fertility of the many 
heretofore unproductive soils. The use of gypsum will ef­
fect its influence through the displacement of Al and other 
toxic elements from the exchange sites. The presence of the 
soluble sulfate anion could increase the mobility of cal­
cium, polymerize aluminum, improve the physical conditions 
of the soils including aeration and consequently raise the
3
oxidation state, increase water availability, and decrease 
manganese and iron solubility (Kotze and Diest, 1975).
This research was designed to accomplish some of the 
above goals. One aim of this study was to evaluate the 
aluminum status and to treat the Bt sections of the Gigger 
and Beauregard soils to determine the extent of aluminum 
displacement. The effect of effluent volume was also eval­
uated. This study was designed and carried out such that 
small volume increments were used so as to determine the 
minimum volume required to cause a substantial Al removal.
A second interest dealt with the extent of labelled 
calcium application into the soil colloid. Calcium-45 and 
chlorine-36 radioisotopic tracers were used to follow the 
movement of applied gypsum and to study both the adsorption 
and desorption fronts. A chlorine-36 labelled calcium 
chloride solution was used to study anion movement in these 
soil columns.
The study was conducted in a manner to simulate natural 
soil cores. The Gigger (fine-silty, mixed, thermic Fragu- 
idalfs) and Beauregard (fine, silt, silicious, thermic plin- 
thaquic Paleudults). The soil columns were prepared as des­
cribed under methodology. The chemical and physical charac­
teristics were determined by standard or modified proce­
dures. A computer program was used to calculate the volume 
increment based on total volume input and time. Similarly,
4
computer programs were used to calculate concentration 




A. General Scope of Toxicity
Numerous physiological conditions exist in moderately 
acid to strongly acid mineral soils that impede plant 
growth. Subsoil toxicity and acidity have been identified
as growth limiting physiological factors (Foy et al., 1973).
The factors contributing to subsoil toxicity and acidity 
include hydrogen ions, soil organic matter, hydrous oxides, 
Mn, Fe, Al and aluminum silicate clays. Studies on many 
agricultural soils have shown that mineral and organic 
acids, acid salts, soluble Al compounds, the removal of 
basic materials by crops and drainage water account for the 
low productivity of acid soils (Blair and Price, 1923). Foy 
et al. (1963, 1964, 1965, 1973) found that toxic factors in 
many acid soils are associated with Al and Mn levels.
Hale and Heintz (1946) reported that Mn toxicity in 
acid soils plays an important factor in limiting plant 
growth. As little as 1 ppm of Mn in a solution caused 
toxicity in tobacco when grown in an acid soil (Jacobsen and 
Swanback, 1932). Carter et al. (1975) found that most 
southeren soybean genotypes were susceptible to Mn toxicity 
at levels greater than 2 0  ppm.
The many Al species thus far identified in acid soils
(ultisols, oxisols and histosols) include positively charged
6
hydroxy-Al polymers of various size and degrees of hydration 
(Hsu and Bates, 1964; Coleman and Thomas, 1967), inter­
layered hydroxy-Al in vermiculite and montmorilIonite (Rich, 
1960, 1968; Hsu, 1968), A l +  ̂ ions and hydroxy-Al associated
with soil organic matter (Hsu and Rich, 1960), and soluble 
forms of metastable amorphous Al(OH)^ (Pratt and Blair, 
1961; Yuan, 1969). Aluminum profoundly reduces the acid 
strength of clays through hydrolysis and the creation of H 
ions that buffer the system against pH increases. Hydroxy- 
lated Al is believed to exist as [Al (OH ), where C<x<3] andX
retained on non-exchangeable forms that block exchange 
sites. Hydroxylated Al generally lowers the net negative 
charge of soil colloids and decreases CEC. The raising of 
pH to precipitate Al as AlfOH)^ is one form of removal of 
hydroxylated Al (Hargrove and Thomas, 1981; Bohn et al., 
1979). Jackson (1963) reported that monomers of Al are 
readily exchanged whixle dimers and polymers are not. Shen 
and Rich (1962) observed the lowering of the CEC of mont- 
morillonite as a result of hydroxy-Al interlayering. Miller 
(1981) noted decreased amounts and percent saturation of 
exchangeable Al with increasing montmorilIonite clay con­
tent.
1. Soil Acidity 
Jackson (1963) reported that soil acidity and its neu­
tralization may be grouped in accordance with the acid 
strength of its proton retention site as follows:
7
I. Strong acids, soil pH 4.2 and below:
a. Mineral colloidal elelctrolytes: Mg, Al-0...
+ H 3 0 + (HC1 or H-resin treated clays; unstable, 
reverting to H ) .
b. Free H 2 SO4 from FeS 2 or S, giving extremely
acid soils.
II. Weak acids, soil pH 5 or 5.2 and below:
0 5+a. Aluminohydronium cations: A 1 (-0 H 2 * ) 6
H+ + [Al(OH)(-0H 2 ) ] 2 + (KC1)
exchangeable; "exchangeable" protons of very 
acid soils
b. Possibly some humus carboxyl.
III. Very weak acids, soil pH 5.2 to 6.5 or 7:
a. Humus carboxyl, e.g. in surface soils.
0 .5 +b. Polyalumino hydronium edge OH 2 ' , e.g., in
acid subsoils.
c. H 2 C0 3; basic aluminum sulfate
IV. Very very weak acids, soil pH 6.5 or 7 to 9.5:
a. Humus phenolic.
0 .5 +b. Polyalumino hydronium edge pairs, 0H 9 ' ...
OH^-5^.
c. Ca (OH) 2 / NaHCC>3 .
V. Extremely weak acids, soil pH above 9.5:
a. Humus alcoholic hydroxyl.
b. Silicic Acid-OH
c. Gibbsite-OH (aluminate reaction).
The common factor among all these acid groups is 
"exchangeable H." Except for local problem areas involving 
pyrite and S oxidation group I is not very important in
Agriculture. Both groups II and III are of great concern in 
soil acidity and agriculture. "Supersaturation" and "hydro­
lytic" acidity are indicated by group IV (Jackson, 1963). 
Barshad (1960) noted that group I plays an important role in 
Mg development in alkaline soils. In'Jackson's review of 
Aluminum Bonding in Soils (1963) he indicated that acidity
groups I and V provide the ultimate buffering of soils and 
provide the pH limits through alumino sili'cate mineral 
decomposition.
2. The Role of Organic Matter in Aluminum Behavior 
Aluminum behavior is greatly influenced by soil organic 
matter (Hargrove and Thomas, 1981). This effect was first 
quantitatively assessed by McGeorge (1931) when he noticed 
that humic acid held high valent cations with greater tenac­
ity than monovalent cations. He illustrated that the remo­
val of humic acid with strong hydrochloric acid helped 
increase cation exchange capacity. The hydroxylated form of 
Al in organic matter is believed to be the AlfOH)^ species 
(Schnitzer and Skinner, 1963; Howard and Coleman, 1954). 
The Al and Fe in most acid soils with fairly high amounts of 
organic matter exist as complexes (Martin and Reeve, 1958; 
Bhumbla and McLean, 1965). The surface horizons of most 
soils have lower exchangeable Al than the subsoils as evi­
denced by the amount of KCl-extractable Al (Coleman and 
Thomas, 1967). Several research workers have found lower 
values of exchangeable Al at all pH values as the organic
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matter content increased (Clark and Nichol, 1966; Evans and
Kamprath, 1970; and Thomas, 1975). Hoyt and Turner (1975) 
noticed only a temporary decrease in soluble Al when fresh 
alfalfa was added to an acid soil. Hargrove and Thomas 
(1981) showed that small increases in organic matter can 
substantially decrease the amount of solution Al at a given 
p H .
Mattson (1933) found that plants exhibited symptoms of 
Al toxicity at a different pH in soils high in organic 
matter than those low in it. He demonstrated in a green­
house study that toxic effects could be prevented by adding 
humic acid to an acid soil. In his study of three Virginia 
coastal plain soils, he found that without organic matter 
addition, Al toxicity occurred at a higher pH but with its 
addition plants grew well at lower pH values.
Hargrove and Thomas (1981) noticed that the roots of 
plants suffering from Al toxicity were short, club-like in 
shape and coffee brown in color. Soybeans and corn grow 
satisfactorily in an acid soil with high levels of organic 
matter (Evans and Kamprath, 1981) . Organic matter removes 
Al from solution (Hargrove and Thomas, 1981).
B. Aluminum Toxicity Requirements
Howard and Adams (1965) reported that 0.04 meg/liter of 
Al in the soil solution caused toxicity problems. Their 
findings further revealed that cotton roots require a ratio 
of 0.10 to 0.15 of Ca to total cations in solution to obtain
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proper root growth. Cate and Sukhai (1963) while deter­
mining the sensitivity of rice to water soluble Al found 
that 1 to 2 ppm of soluble Al was sufficient to inhibit root 
growth and initiate necrosis.
Miller (1981) reported that many Louisiana soil catenas 
contain high levels of exchangeable acidity. The amount and 
percent saturation of Al in these soils were found to be 
closely associated with soil pH, organic matter, kind and 
amount of clay and internal drainage. In 1959, Ragland and 
Coleman noticed increased exchangeable Al content with 
decreasing drainage. Research results by several re­
searchers have lead to presentation of the following general 
relationships (Miller, 1981).
Table 1. General Relationships Between 
Percent Aluminum Saturation and Potential 
Aluminum Toxicity in Some Crops
%A1 Examples of Crops with
Saturation Toxicity Symptoms
0 None
1 0 Cotton, alfalfa, rye
10-30 Cotton, soybeans, alfalfa, rye, 
some small grains
30-50 Cotton, soybeans, corn, 
rye, some small grains
alfalfa,
50-70 Cotton, soybeans, corn, 
rye, some small grains
alfalfa,
70 Most crops susceptible
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Evans and Kamprath (1970) found that soil solution Al 
should be less than 0 . 2 0  meg/liter for soybeans to achieve 
maximum growth. The desired Al saturation recommended was 
30% or less for mineral soils to maintain plant growth.
Ion uptake is influenced by Al adsorption from acid 
soil solution onto roots. Hortenstine and Fiskell (1961) 
noticed that Al in the 0 to 16 ppm range in nutrient solu­
tion decreased Ca content of sunflower roots. Decreased PO^
-4accumulation was noticed after the addition of,10 M of Al
solution. However, PO^ uptake was increased in excised
-4snapbean roots when 0 to 10 M Al solution was used (Ragland 
and Coleman, 1962).
C. Aluminum Hydrolysis and its Effects
The release of Al + 3 ions into the soil solution ini­
tiates a series of reactions. The released Al + 3 undergoes 
hydrolyses as follows:
Al + 3 + H 2 X Al(OH)0+ + H + 1.
Al(OH)2 + + H2 t Al(OH ) 3 + H + 2.
Reaction 1 is generally believed to occur at pH below 5.8 
while 2 and 3 occur at 3.5-6.0 and 4. 6 - 8 .5, respectively 
(Marion et al., 1976). Evidence exists for the adsorption 
of hydrolysis products - and formation of complex ions 
(Ragland and Coleman, 1960; Bohn et al., 1979).
Equations 1, 2 and 3 clearly show that acidity is
increased with hydrolysis. Acidity decreases the availa­
bility of many soil nutrients. Albrecht (1941) indicated
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sorghum and barley instead of pH or soluble Al. Allasway 
(1945) also found that Ca availability could 
be increased by increasing Ca saturation on clays. Arnon 
and Johnson (1942) were able to demonstrate that under 
extremely acid conditions, pH 4.0, a high concentration of 
Ca, 280 ppm was required to maintain normal plant growth.
The ability of amendments to move into the subsoil has 
been of concern to scientists. Brown and Mansell (1938) 
noticed movement of liming materials into the subsoil many 
years after application. Fried and Peech (1946) reduced Mn 
contents of alfalfa leaves and stems by liming acid soils.
It has been well documented that Mn toxicity causes 
"crinkle leaf" in soybeans and cotton. This physiological 
symptom is associated with high moisture levels and acid 
forming materials (Parker et al., 1969). Sartain and 
Kamprath (1975) found that liming acid soils increased the 
growth of soybean tops and roots. These findings were 
closely associated with decreased exchangeable Al and 
increased Ca.
The use of lime has not always provided the desired
results. Schaller (1940) showed that lime does not move 
down readily into the subsoil when applied on the surface.
Peele (1940) noticed decreased permeability when Cecil,
Appling and Madisosn soils were limed to pH 6.5. Pearson et 
al. (1962) revealed that subsoil acidity could not be cor­
rected with only lime. Kamprath (1971) emphasized that lime
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can be detrimental on highly weathered soils due to the 
creation of smaller aggregates and other adverse effects.
Nevertheless, Brown et al. (1956) did obtain increased 
pH at depths of 2 inches (60.96 cm) after applying 2 to 16 
tons of limestone in 9 years. The liming of Brazillian 
oxisols to pH 5.2-5.7 caused yield increases in soybeans and 
lowered exchangeable Al levels to 0.1 to 0.5 meg/100 g of 
soil (Martini et al., 1974). Gonzales et al. (1979) like­
wise reported increased corn yields, lower exchangeable Al 
and increased pH with liming. These investigators noticed 
that the mixing of lime into these Brazillian oxisols 
improved yields, moisture extraction and delayed wilting.
Plucknett and Sherman (1963) demonstrated a relation­
ship between extractable Al and rainfall. They revealed 
that the highest extractable Al was measured during high 
rainfall periods and the lowest at low rainfall. They also 
noticed that high extractable Al levels existed in poorly 
drained Koalau soils in Hawaii. Dehydration was believed 
resonsible for Al inactivation on cation-exchange sites. In 
an early Al research, Burgess (1923) noticed a direct cor­
relation between active soil A l , pH and rainfall. Magistad 
(1925) found that increasing Al solubility was a result of 
increased acidity. Similar results were obtained by Yuan 
and Fiskell (1959).
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that Ca deficiency was associated with decreased plant
growth as a result of acid conditions. Berger and Gerloff 
(1947) noted that acid accentuated necrosis of potatoes 
while lime prevented it. Fried and Peech (1946) associated 
poor plant growth on acid soil with toxic levels of soluble 
Mn, Al and Fe but not Ca shortage. Aluminum adsorption to 
clay surfaces involves hydrolysis. A two to nine-fold 
increase in degree of hydrolysis at clay sur’face relative to 
the solution was obtained by Bloom et al. (1977). Though
A l + ̂ was the predominant form of Al, the preference order
for the lattice determined by Bloom et al. (1977) was
hydroxy-Al > Al + ̂  > Ca + ̂ > H^O*.
D. Toxicity anad Alleviation Methods
Agricultural scientists are constantly finding ways to 
improve the productivity of acid soils. The amendment mate­
rials used have included lime, gypsum, soda ash, soluble 
salts, and dolomite. Both field and laboratory studies have 
aided this pursuit. Ragland and Coleman (1959) noticed low 
pH and increased exchangeable Al when a neutral salt was 
added to an acid soil. Brown and Mansell (1938) used lime 
as a corrective method for subsoil acidity.
The early users of lime used it for various reasons. 
One group of scientists used lime mainly to inactivate toxic 
substances while others used it as a means of supplying Ca 
(Fried and Peech, 1946). Pierre (1930) used the base satu­
ration of acid soils as a better assessment of the growth of
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E. Soil Colloids
The two broad categories of soil colloids are: a) soil
colloids with a constant surface charge and a variable 
potential, and b) colloids with a constant surface potential 
and a variable charge (Van Olphen, 1963). Soils in tem­
perate regions are dominated by the former while those of
the huimid tropics are predominant with constant surface 
potential colloids. The use of research information such as 
CEC, gained in temperate regions in tropical agricultural 
practices have led to misleading conclusions (Vana Raij and 
Peech, 1972).
Gast (1977) concluded that constant charge colloids are 
permanent and constant irrespective of solution concentra­
tion. The mineral fraction of most temperate soils are
dominated by constant charge colloids derived from isomor- 
phous substitution (Stumm and Morgan, 1970; Van Raji and 
Peech, 1972) . The extensively weathered soils of the
tropics contain sequioxides of Pe and Al and as such have 
pH-dependent charge surfaces. However, Dixon and Weed 
(1977) stated that all soils contain a mixture of constant 
and pH-dependent charge surfaces. Edge deformation of crys­
talline clay minerals, isomorphous substitution, oxide coat­
ings or interlayeing are factors responsible for mixture 
generation.
Kaolinitic type minerals are abundant in tropical soils 
and their edges account for most of the total surface area
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(Dixon and Weed, 1977). However, oxides and hydrous oxide 
coatings make up the greatet source of pH-dependent charge 
surfaces give rise to pH-dependent charges on these mineral 
species. According to Parks (1967), the water molecules 
when adsorbed split into H + and OH to form hydroxylated 
surfaces. The following rection schemes have been presented 
by Mott (1970) and Parks (1967) for charge creation:
R-OH RO~ + H + (aq) 4.
R-OH + H 20 ROH2+ + (OH) - (aq) 5.
where R represents surface species. For constant potential 
surfaces, the concentration of potential determining ions 
and the net surface charge are pH dependent. From above, 
OH and H + are potential determining ions. The pH at which 
the net charge is zero is known as zero point of charge 
(Dixon and Weed, 1977). Espinoza et al. (1975) reported 
that in acid soils the removal Al+  ̂ by constant salt washing 
increases the negative charge.
Cation exchange capacity of a given soil material is 
the sum of the cations balancing the negative charge at a 
given pH. Cation exchange capacity variations have been 
attributed to changes in pH (Schofield, 1949). Gast (1977) 
and Van Raiji and Peech (1972) have reported that the pH 
dependent CEC found in soils with constant potential sur­
faces depends on the valence and the concentration of the 
counter ion predicted by the double layer theory.
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The CEC dependence on pH of several tropical soils with 
iron oxides and kaolinite increased as pH increased from 4.8 
to 8.2 (Sawhney and Norrish, 1971). These authors did 
observe that this trend was reversible. Similar results 
have been reported by Munns (1976), Muns and Fox (1977) and 
Chan et al. (1979). El-Swaify (1973) found that a concen­
tration change from N NaCl to 0.01N reduced saturated 
hydraulic conductivity from 14 cm/hr to 5 cm/hr in oxisols, 
thus suggesting structural changes occur in tropical soils.
The conventional use of salts such as N NH^OAc, 0.5N 
buffered B a C ^  at pH 7-8 for CEC determination of temperate 
region soils with permanent negative charge surfaces are not 
suitable for CEC determination in the humid tropics.
F. Solute Displacement
The leaching of soil columns involve ion exchange pro­
cesses that are very important to agriculture. The simula- 
taneous movement of water and solutes are involved in such 
operations as the reclamation of salt affected soils, 
alleviation of low pH, application of fertilizers and waste 
disposal. A mathematical quantification of these processes 
is highly desired. Early work in these areas (Thomas, 1944) 
dealt with the concept of theoretical plates derived from 
chromatographic techniqus dealing with mass conservation and 
bimolecular surface reaction rates. However, the influences 
of diffusion and dispersion were overlooked.
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A rate law was developed by Gilliland and Baddour 
(1953) that encompassed film and particle diffusion rate 
mechanism. Though this equation worked for Na-H exchange at 
both high and low velocity it was noticed that ion concen­
tration affected the total resistance to ion exchange. 
Numerous attempts by researchers (Wilson, 1940; Weiss, 1943; 
Gleuckauf, 1949; and Mayer and Tompkins, 1947) to develop a 
comprehensive model failed to produce the desired results. 
The first model to consider dispersion and diffusion was 
presented by Lapidus and Amundson (1952)'.
A model which assumed that soil profile can be divided 
into segments of known chemical composition was presented by 
Dutt and Tanji (1962). Tanji et al. (1967) used activities 
and an exchange isotherm to satisfactorily describe ion 
exchange in flowing systems. However, Biggar et al. (1966) 
were unable to apply this model to coarse-textured soils due 
to the presence of stagnant water. According to Biggar and 
Nielson (1967) equilibrium models are not adequate even 
though they can be simply handled mathematically.
Miscible displacement is a product of hydrodynamic 
dispersion, molecular diffusion, mixing due to velocity 
variation in pores, exchange chemical and physical processes 
(Biggar and Nielsen, 1967; Taylor and Ashcroft, 1972). A 
first-order kinetic adsorption model for multilayered soils 
was presented by Selim et al. (1977) to illustrate the 
movement of 2, 4-di-chlorophenoxy acid. Most investigations
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have hinged on the presence of instant equilibrium. The 
exchange of NH^ was thought to be linear and instantaneous 
(Cho, 1971). However, other investigators have presented 
data to the contrary (Ardakani and McLaren, 1977) . A linear 
adsorption isotherm for Na and Mg exchange for Ca in Yolo 
loam soil column under saturated flow was presented by Lai 
and Jurinak (1972). The data was thoroughly described by an 
equilibrium model at high velocity but failed at low velo­
city. Biggar and Nielsen (1963) and Lai and Jurinak (1971) 
have suggested that the equilibrium model does not fully 
account for tailing caused by rate determining steps.
G. Breakthrough Curves in Miscible Displacement Research
Various attempts to predict the symmetrical or sig­
moidal nature of breakthrough curves have been futile. The 
asymmetry prevalent in experimental breakthrough curves are 
believed caused by porewater flow rate, aggregation, par­
ticle sizes, moisture content and bulk density (Philip, 
1968; Passioura, 1971; Coats and Smith, 1964; Skopp and 
Warrick, 1974; Van Genuchten and Wierenga, 1976).
In saturated flow study with 200 micron size glass 
beads Biggar and Nielsen (1962) saw identical behavior of Cl 
and 3H at a flow rate of 2.11 cm/hr. It was also 
noticed that the breakthrough curves gradually ap­
proached a C/Co=l, indicative of tailing caused by dif­
fusion. Krupp et al. (1972) showed that increase in flow 
rate moved the breakthrough curve mean for Cl and 3H to the
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left and the isotope emerged early in the effluent. Aggre­
gation is generally found to increase tailing because larger 
aggregates reduce flow and diffusion results (Biggar and 
Nielsen, 1962) .
A thorough understanding of all displacement processes 
is essential to explaining experimental results. Laborious 
chemical and physical methods have been the conventional 
approaches. However, radiotracers have begun to aid greatly 
in this pursuit. Radiotracers are highly sensitive and can 
be used in miniscule amounts. The use of tracers in experi­
ments require certain assumptions among which are that there 
will be no significant isotope effect, and that both the 
normal and radioactive species exhibit identical behaviors 
(Wang, et al., 1965).
T w o  research papers by Nielsen and Biggar (1961, 
1962) have revealed interesting facts about radiotracers. 
They noted that when a tracer solution is displaced by a 
non-tracer solution through a porous medium, a concentration 
distribution results depending on the flow velocities, 
tracer diffusion rate, and other chemical processes. It was 
noted that Darcy's law describes the bulk movement of fluid 
through a porous medium. The tracer and fluid are believed 
to conform to the basic assumptions mentioned above.
Other results of Nielsen and Biggar (1961, 1962)
showed that if no spreading of a tracer front occurs, a 
vertical line should represent the breakthrough curve.
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However, a skewed sigmoid breakthrough curve may result and 
should pass through C/Co=0.5 at volumetric water capacity of 
the soil column where Co and C represent initial and final 
concentrations, respectively.
Further investigations by Nielsen and Biggar (1962) 
have revealed that several soil properties are responsible 
for the fast or slow breakthrough curves resulting from 
leaching studies. A curve translation to the left of the 
volumetric pore capacity is believed due to "holdback." The 
forward translation of curves could be caused by tacer 
exchange or precipitation within the soil column or flow at 
the soil-soil container interface. These authors have also 
noted that diffusion plays a very minimal role at high 
influx and that the position and shape of breakthrough 
curves are affected by adsorption and ionic exchange. How­
ever, the influence of diffusion must be considered under 
field conditions because of unsaturated flow.
The proper description of solute distribution in a 
medium requires adequate knowledge of the fluid velocity 
distribution. There are numerous water-conducting passages 
in a medium. Thus, flow velocity varies from zero to very 
high (Nielsen and Biggar, 1962). In a study with a dual 
labelled solution Nielsen and Biggar (1962) found that 3H 
mixed well with the water in slowly conducting zones since 
it had a greater diffusion coefficient and was delayed in 
appearing with the effluent.
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Tyler and Thomas (1981) investigated Cl movement in an
undisturbed Huntington soil column and found that Cl moved
with the water because it appeared after 0.12 PV had been
45applied. Kotze and Diest (1975) used Ca to study Al 
displacement in a prepared soil column. Exchangeable Al 
decreased throughout the column.
Nye et al. (1961) studied Al displacement with K and Ca
solutions. The results revealed that Al is preferred by the
soil colloid depending on the level of saturation. A N KC1 
solution was however, very effective over a wide range of Al 
saturation. Though Al was preferred over Ca in this study, 
work by Kotze and Diest (1975) and Coulter and Talabudeen 
(1968) have shown that combined Ca(N0 3 ) 2 and gypsum are 
quite effective in removing Al. Kotze and Diest (1981) and 
Reeve and Sumner (1970b) showed that SO^ induced Al 
polymerization. A low solution concentration of Al is 
expected when the saturation is less than 60% (Nye et al.,
1961) .
A review of Persuad's work with two solutions of
45 40Ca(N 0 2 > 2  f°r the isotopic exchange of Ca for Ca by
Kizza (1978) demonstrated the application of a linear
45adsorption isotherm. More Ca was adsorbed as C a f N O ^ ^
solution concentration decreased as shown by a 1.0511
distribution coefficient for a 0.05M C a f N O ^ ^  as compared to
a 0.736 distribution coefficient for a 0.075M solution.
45This work did show that the initial breakthrough curve of Ca in a
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mixture of soil and exchange resins appear much earlier than 
0.075M and steeper on the effluent side than the 0.05M
breakthrough curve. Biggar and Nielsen (1961) investigated 
the influence of solution concentration of Mg in Oakley
sand under saturated conditions at a flow rate of 1.70 
cm/hr, and observed that the initial breakthrough curve 
required 1.5 PV and 2.9 PV for 0.IN and 0.05N Mg solu­
tions, respectively. However, when the flux was reduced to 
nearly 0.18 cm/hr, the Mg first appeared after 0.86 PV for
0.IN solution as compared to 1.11 PV for the 0.05N solution. 
Different breakthrough curves were obtained for all concen­
trations and flow rates.
H. Sulfate Reactions with Soil Colloids
Numerous research efforts have been made to identify 
and improve subsoil conditions. Albrecht (1941) remarked 
that beside carbonates, other Ca sources could be used 
instead of lime to correct acidity. The effectiveness of 
many soluble Ca sources such as CaSO^. 2 H 2 0  and C afNO^^' 
have been demonstrated (Reeve and Sumner, 1972); Kotze and 
Diest, 1975; Richey et al., 1980). The use of gypsum hinges 
on its ability to provide Ca to displace excessive amounts
of Na, Mn, Fe, Al and to provide SO^ to complex with Al and
Fe and remove them from exchange reactions. It also has the 
capability to release OH into solution to neutralize 
acidity (Parfitt and Smart, 1978; Aylmore et al., 1966; 
Howard and Reisenaur, 1966).
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Chang and Thomas (1963) proposed the following mech­
anism for the adsorption of S0  ̂ on soil colloids using I^SO^ 
as an example:
y K + + Al - clay + y H 00 * Al (OH) ky - clay + yH+ 6 .x  ̂ x y
SO.2- + R (OH) - clay ■> R [(OH) (SO.) ] - clay + zOH~ 7.4 x y 2 x y-z 4 z 2
where R = Al or Fe 
Chang and Thomas (1973) stated that SO^ adsorption takes 
place readily in soils with low negative charges, high 
numbers of reactive sites on hydrated Al and Fe oxides. 
Sulfate adsorption is also a function, of pH, types of 
cations, sequioxides exchangeable Al and amorphorus mate­
rials (Chao et al., 1962; Mattson, 1931; Toth, 1939; and 
Kamprath et al., 1956). A number of researchers have 
noticed the release of OH into solution and the eventual 
neutralization of solution when maximum SO^ was adsorbed 
(Aylmore et al., 1966; Rajan, 1978).
In comparison to Na, K and NH^ salts, CaS 0 ^. 2 H 2 0  has 
been preferentially adsorbed by soil colloids (Chao et al.,
1962). Reduced anion retention was realized by Chang and 
Thomas (1973) above pH 7.. Increased retention was found to 
be associated with increased anion concentration as well as 
the nature of the cations. Clay systems with polyvalent 
cations adsorb more anions than those with monovalent 
cations. Kaolin minerals adsorb more sulfate than montmor- 
illonite clays (Chang and Thomas, 1973; Chao et al., 1962).
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As evidenced from the above reactions, hydrolysis and 
exchange are responsible for the creation of adsorption 
sites in acid sols as more SO^ is adsorbed more OH is 
released and neutralization increases. However, an impor­
tant aspect of this mechanism is the SO^ induced Al poly­
merization noted by Reeve and Sumner (1970b). In comparison 
to the precipitation of A l f O H ) ^  Cl, NO^ and CIO^, SO^ 
crystallization of Al have proven more effective in reducing 
exchangeable Al in soil solution (Ross and Turner, 1971).
Hague and Walmsley (1974) noticed SO^ retention at the 
surface of an inceptisol soil column when was added.
Increased retention resulted from increased organic matter. 
Howard and Reisenauer (1966) suggested entrapment as a pos­
sible mechanism for SO. and Al retention.4
Gypsum has manifested effects on the movement of 
cations in soils. Dutt (1964) found that the amount of Mg 
leached through a column was a function of the quantity of 
gypsum applied.
Calcium from gypsum was leached to a depth of 90 cm 
after applying it in the top 15 cm of a 233 cm high Ca then 
Ca from CaCO^ (Ritchey, et al., 1980). A similar study with 
CaS0^.2H20 and C a f O H ^  be Reeve and Sumner, (1972) showed 
that gypsum effected a greater increase in Ca and decreased 
Al in the lower 15 cm the Ca(OH) 2 * In a study with various 
Ca sources, CaS0^.2H20 manifested the greatest effect on
26
increasing Ca and decreasing exchangeable Al at depth (Kotze 
and Diest, 1975).
Aylmore et al. (1966) demonstrated the stepwise adsorp­
tion/desorption process of SO^ in soil profile. Research 
has shown that clays, hydroxides, oxyhydroxides, oxides of 
Al and Fe, organic matter, influence SO^ adsorption 
(Aylmore, 1966; Howard and Reisenauer, 1966; Rajan, 1979; 
Parfitt and Smart, 1978; Haque and Walmsley, 1974). Work by 
Aylmore et al. (1966) and Rajan (1978) demonstrated the SO^ 
adsorption mechanism and the release of OH into solution. 
Rajan (1978) also found that more OH was released and a 
neutral solution was obtained when maximum SO^ was adsorbed. 
He proposed the existence of a two-step mechanism which 
involves the displacement of water or on OH group from a 
positive or neutral site and the subsequent neutralization 
of the charge generated by an SO^ or an OH group adjacent to 
the charge. Rajan (1980) also obtained a linear relation­
ship between the amount of SO^ adsorbed and the OH released 
during his study of synthetic and natural allophane. He, 
therefore, concluded that for each SO^ ion adsorbed on a 
net positive charge surface, there is a displacement of two 
water molecules or hydroxyls. He further noticed that data 
did not reveal the same trends for neutral and negative 
surfaces.
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I. Anion Miscible Displacement Studies
Some studies have shown the effects of pH and concen­
tration on the adsorption of anions in soils. Nitrate 
adsorption did not go beyond pH 8 in a study of volcanic ash 
soils from Chili (Galindo and Bingham, 1977). Kinjo and
Pratt (1971) reported that NO^ adsorption decreased with an
increase in pH from 3.1 to 5.6 in oxisols and andepts from 
Mexico and South America. The amount adsorbed increased as 
the equilibrium concentration increased at each pH. Gebhadt 
and Coleman (1974) were able to demonstrate Cl reduced 
adsorption in allophatic tropical soils as the pH increased. 
Their data showed that at pH 3.8, Cl adsorbed was 32 
meg/lOOg but at pH , the quantity were only 0.8 meg/lOOg. At 
pH below 4.5, more Cl was retaianed in comparison to Na. 
They, however, commented on the sensitive nature on Cl
adsorption to each pH level. Sulfate movement in water
saturated columns of a sand and kaolinite mixture was 
affected by pH changes (Aylmore and Karim, 1968). Raising 
the pH from 4.6 to 6.5 reduced SO^ adsorption to trace 
amounts and the distribution was similar to a non-adsorbing 
solute.
Berg and Thomas (1958) showed that anion concentrations 
followed the predicted "normal" curve, with S 1 depending 
on the pH and the nature of the absorbent. The effect of pH 
was manifested on the elution process and the maximum anion 
concentrations occurred at effluent volumes greater than the
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column volumes, thus indicating that KD > 1. Their data
showed the following order of anion adsorption by acid
clays: SO^ > Cl > NO^. In a similar study, Liu and Thomas
(1961) found that SO^ retention was controlled by the Cl to
SO 4 ratio. Sulfate retention indicated time dependency.
According to Jackson (1963), Cl, SO^ and PO^ are held 
in a hydroxy alumina structure (X) through substituting for 
O H :
Bailair (1956) named the reaction as "anion penetration." 
Anion substitution in this case for OH involves structural 
substitution by coordinate bonding in contrast to anion 
exchange (Jackson, 1963). Liu and Thomas (1960) showed that 
anion penetration develops in free Al hydroxide as well as 
in interlayer alumina clays. This exchange reaction is 
believed favored by low pH. Potassium is simultaneously 
adsorbed and released with SO^. Rich (1962) noticed appre­
ciable Cl and acetate adsorption in certain soil clays with 
inter layering Al and Fe oxides.
Chao et al. (1962) studied SO^ movement with radio­
tracers. A gradual downward movement of SO^ was noticed as 
the rate of influx increased. A kinetic equilibrium was 




movement was controlled by soil properties, degree of 
acidity and amount of water.
J. Soil Aluminum Removal Techniques
Numerous attempts have been made to effectively esti­
mate potentially active A in soils. The aluminohydronium 
cation is very soluble in KC1 solution. Various buffer 
solutions such as Ba(OAc)2 , Ba triethanolamine NH^OAc, and 
Ca(OAc ) 2 have been used for exchangeable Al determination 
(Jackson, 1963). The KC1 replaceable acidity has been iden­
tified as "Al" except in highly organic soils. Pratt (1961) 
demonstrated the great important of pH-dependent charge in 
soil exchange capacity and exchange acidity. It has been 
determined that large areas of acid soils in the world 
belong to group III with pH 5.2 to 6.5 or 7 that give 
limiting responses but have very little KCl-exchangeable Al 
(Jackson, 1963). Heddeson and Holowaychak (1958) used 
several extraction methods to compare Al extractability from 
various soils. Their data showed that the Mehlich buffered 
BaCl^ method produced the greatest effect in comparison to 
BaCl 2 method produced theh greatest effect in comparison to 
BaCl2 , NaCl and NH^OAc of pH 4.8 and pH 7.0.
Juo and Kamprath (1979) proposed the use of CuCl 2 as an 
extractant for the potentially reactive Al pool in acid 
soils. The results of this work showed that KC1 and CuCl 2 
were similar in their extraction of exchangeable Al from an 
—  Al saturated montmorillomite. However, N CuCl 2 was twice as
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effective in extracting Al from an Al saturated vermiculite 
containing a hydroxy Al inter layer. They interpreted the 
results as indicating the ability of N C u C ^  to also remove 
organically bound Al. The N KC1 solution generally removes 
large amounts of exchangeable-Al in acid soils at pH 5.
Kamprath (1970), however, found that KC1 extraction under­
estimated Al levels in ultisols. A N C u C ^  solution was 
shown to extract OH-Al polymers, metastable hydroxides and 
hydrous oxides from suboils (Juo and Kamprath, 1979). This 
study further showed that an acidified NH^OAc extractant was
a very poor extracting agent for Al in acid soils. This was
in contradiction to the findings of McLean (1965) found 
while using NH^OAc, pH 4.8 on acid soils.
It has generally been shown by McLean et al. (1958, 
1959, 1965) that NH^OAc extracted more Al as pH was
increased. Pratt and Blair (1960) noted that the extra 
amounts extracted could be a result of Al hydroxides 
released from limed soils. They further found that as
contact time with neutral salt increased more dissolution 
resulted and as such, contact time should be at a minimum.
Irrespective of the agent employed, McLean (1959) 
showed that the relative tenacity with which different 
cations are held by a resin or colloid is:
Al > Ca > Ba > K > Na > NH > H 9.
It is apparent from the above that the reversal of these 
trends require a number of manipulations.
CHAPTER III
METHODOLOGY
The soil column preparation required the Bt (15.24-30.48 
cm) sections of the Gigger and Beauregard soils, plexiglass 
plates, round fritted glass disc, rods, bolts, soft plywood, 
rubber tubings and duct tape. Figure 1.0 depicts the 
apparatus. The Bt horizon refers to a zone of secondary 
clay accumulation. The center of one set of 0.63 cm thick 
plexiglass plates were carefully removed leaving a 4.45 cm 
diameter ring. The other sets of plates were modified by 
grinding a shallow depression on one side and boring three 
small holes across the center. Three 2.54 cm long plastic
tubes were inserted into each hole from the opposite side of
the groove and glued into place with the ends barely 
visible. Next, the edges of the round fritted glass discs 
were carefully covered with thin teflon tape to avoid fluid 
leakage. The disc was then attached to one of the previ­
ously prepared plexiglass plates with vacuum seal grease. 
The depression between the fritted glass disc and the plexi­
glass was to serve as a temporary reservoir for the effluent 
entering or leaving the column to ensure even distribution.
With this specially made plexiglass-fritted glass disc 
combination serving as a base, twenty four squared plexi­
glass plates were sealed with vacuum grease and bolted
together to give a 15.24 cm tall column. Two thin pieces of
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plywood were placed on two opposite sides and taped with 
duct tape. Figure 1.0 depicts the column design.
The bulk density, particle density and porosity of each 
soil was determined. The total amount of each soil reguired 
for each column was then calculated. The calculated and 
determined pore volumes for the Beauregard and Gigger 
columns were 74.25 and 111.64 ml, respectively.
Two separate sets of soil columns were then prepared 
for each soil depending on the experiment.
A. Column Type A: Zero and Gypsum Solution Treatments
About 331 and 340 grams of Gigger and Beauregard,
respectively, were carefully packed into each column by
gently tapping on the sides to yield bulk density of 1.35- 
3
1.50g/cm , typical of the natural soil cores. The columns 
were covered with another plexiglass-fritted glass disc 
combination with the three tubes protruding upwards. A 
30.48 cm long tube was then attached to the center plastic 
tube and the ends of a short tube were each attached to the 
other two inlets forming an arch. One side of this arch was 
opened to let out air, typified by water flowing out. The 
other end of the longer tube was attached to another tube 
coming from a F.M.I. laboratory pump at a T-joint. The 
third tube at this joint was placed into a flask containing 
flushing water or gypsum solution.
Two separate flasks were then filled with water or 
gypsum solution and weighed. • One was then connected to the
Figure 1.0 Experiment apparatus: (1) Stock solution (gyp­
sum, water, 45-calcium or 36-chloride); (2) Laboratory 
pump; (3) Flush solution (water or gypsum+label); 
(4) Soil column; and (5) Fraction collector with test 
tubes
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pump by releasing a clamp. The second flask was connected 
when the first was empty. Evaporation was minimized by
covering the mouth of these flasks firmly with parafilm.
The amounts of input volume, input volume at first drop as
well as input time, and total time were recorded. All these 
data were put into a Fortran computer program that calcu­
lated input and total volume after a preset collection time 
interval.
B. Column Type B: Direct Gypsum Treatment
Two thirds of each of the weighed amounts of each soil 
was first packed into each column. The remaining soil was 
mixed with the reagent grade gypsum powder and then packed 
into the remaining 5.08 cm section of the column. A
slightly higher bulk density was obtained for high rates. 
The rest of procedures were as described above.
C. Soil Column Extraction 
About ten upland soils were sampled and analyzed for 
their exchange Al content. The Gigger and Beauregard were 
then selected because they had substantial amounts of Al in 
their subsoil layers. The chemical analyses of these soils 
are as follows;
3 5
Table 2. Some Chemical Properties of the Original Soils
Soil pH






















The following experiments were designed and conducted 
in the laboratory.
D. Experiment IA. Aluminum Displacement 
Treatment rates of 0, 1, and 2 times the gypsum equiva­
lent of the exchangeable Al on the soil complex was added to
the top 5.1 cm of each type B soil column. It was leached
with de-ionized distilled water pumpe by an F.M.I. labora­
tory pump at a specific rate and the leachates collected in 
increments by an automatic sampler at rates of 1.0, 1.5 and
1.65 hour intervals depending on the column. The total
inflow was determined by weighing each flask before and
after attaching to the pump. The chemical analysis of the 
leachates were done as described under chemical analysis.
The columns were dismantled, sectioned into twelve 1.27 
cm layers, placed into plastic bags, dried at 56-60 C and
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reweighed to determine moisture content, dry weight and bulk 
density of each layer.
E. Experiment IB. Aluminum Displacement 
with Gypsum Solution
The gypsum equivalent of the exchangeable Al at rates 
of 1, 2 and 4 times were dissolved into two liters, to
obtain maximum solubility, and pulsed through the soil 
column type A. The effluents were collected as before and 
stored for pH and other chemical determinations. The 
columns were dismantled and handled as in experiment IA.
F. Experiment IIA. Calcium-45 Tracer Solution
The treatment in experiment IB was repeated but the
45solution was spiked with one milliliter of a C a C ] C a  
labelled solution obtained from New England Nuclear. After 
establishing a constant flow rate with distilled water the 
solution was pulsed through the column. The solution was 
followed by another pulse of distilled water to effect 
desorption. All leachates were collected as before and 
stored for chemical analysis.
G. Experiment IIB. Chlorine-36-Calcium-45 Tracer Solution
This experiment was similar to that in experiment IIA 
with the following modifications. After using distilled 
water to establish a constant flow rate with water, a C a C ^ -
Cl spiked solution was pulsed through the column. Dis-
3 6tilled water was then applied in order to leach the Cl
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pulse prior to the introduction of a pulse of the ~̂*Ca 
spiked gypsum solution. Distilled water application again
followed the Ca pulse. All leachates were again saved for
chemical analyses.
H. Experiment IIC. Anion Miscible Displacement
The Gigger and Beauregard soil columns were each
leached with distilled water to obtain a constant flow rate. 
45A Cl labelled C a C ^  solution was then pulsed through as 
before and the leachates collected and stored for analyses.
I. Chemical Analysis
1. Soil Sample Preparations
The subsoil (Bt) samples of each soil series were ob­
tained from the field, air-dried, sieved with a 2 mm sieve 
and stored in large plastic containers. Subsamples were 
then taken for analyses.
The dismantled soil column sections were dried and 
ground by rolling a water filled bottle over each bag on a 
table. These samples were stored for analyses.
2. Original Soil Sample Extraction
The total acidity, exchangeable Al and exchangeable H 
content of the original soil samples were obtained by 
extracting lOg samples of each air dried soil with N KC1 
solution. The filtrate was titrated with 0.1N NaOH to yield 
total acidity and subsequently with 0.IN HC1 after NaF 
addition to obtain exchangeable Al. Exchangeable hydrogen
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was obtained as the difference between the total acidity and 
the exchangeable aluminum.
Exchangeable cations were extracted from 5g samples of 
air-dried soil with N NH^OAc, pH 7.0. The exchangeable 
cations were determined by atomic absorption spectroscopy 
then summed to give the effective cation exchange capacity 
(ECEC). Ammonium ions were displaced and total CEC found by 
titration.
Later determinations of ions in N KC1 and N NH^OAc 
extracts were done on the Inductively Coupled Argon Plasma 
Quantameter (ICP) model 34100 made by Applied Research Lab­
oratory.
3. Leached Soil Sample Extraction
The exchangeable Al in these samples was extracted by 
soaking 2.5g samples in 20-25 ml of distilled water over­
night and leaching with more distilled water to get 50ml 
total volume. The samples were then extracted with a N KC1 
solution in small aliquots and made up to 50 ml volume. The 
extracts were then run on the ICP for Al as well as other 
cations and S. The above procedure was carried out 
for some samples to obtain values of water soluble Al still 
present on the exchange complex. The two values were later 
summed to obtain total Al content.
Aluminum content was also determined by soaking 2.5 g 
samples with N KC1 over night, extracting and making up to 
50 ml total volume. The extract was treated as before.
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The ECEC was determined by extracting with N NH^OAc, pH
7.0 using 2.5g samples and making up to 50 ml volume. The 
cation contents were determined on the ICP as above. The 
percentage of elemental S were determined and converted to
s o 4.
Samples from selected columns were flushed with satu­
rated NaCl to displace all NH^ ions from the soil colloids. 
The extracts were distilled and titrated for total exchange 
capacity.
4. Soil Column Leachates
The leachates from all columns were run on the ICP for 
the determination of all cations and S.
Five microliter samples of each of the spiked solution 
tubes were added to scintillation bottles with 2 0  ml of 
scintillation fluor and placed into a Beckman LS7500 Scin­
tillation Counter. The radioactivity of each sample was 
recorded in counts per minute.
5. Determination of pH
Twenty grams of the original soil samples were placed 
in styrofoam cups and 20 ml of N KC1 or added to each.
After stirring and sitting for at least one hour the pH was 
determined with a Beckman 3500 digital pH meter.
A one to one soil paste in H20 and N KC1 was made for 
selected leached soil column samples and the pH determined. 




Part I. Nonlabelled Gypsum Treatments 
Results of the various experiments on Beauregard and 
Gigger Soil Columns will be presented in this chapter. The 
Al and Ca contents will be the focal points of discussion 
however, the total effluent cation (TEC) will be mentioned 
for comparative purposes. All experimental results will be 
presented in tables or computer produced graphs in centi- 
moles per kilogram (cmol/kg). The effluent compositions as 
well as N NH^OAc and N KC1 extracts compositions will be 
presented in an attempt to explain ion exchange processes, 
evaluate Al and other cations and anion displacement trends 
and predict Ca movement.
Table 3 presents results of the leaching experiments. 
In all cases, large volumes of effluent were used to insure 
that dissolution and transport of gypsum occurred. The flux 
rates, in most cases, were maintained at very low levels to 
enable saturation of all pores before emergence of the 
effluent. Dutt (1964) showed that both increase in gypsum 




Table 3. Treatments, Effluent Volumes and Rates
Experi- Soil Gypsum Form of Total Average
ment Column Equiv- Appli- Volume Flux
No. alent cation Input
1.1 B* 1 0
2.1 B 2 Single
3.1 B 3 Double
4.1 B 4 Four times
1.2 G**l 0
2.2 G 2 Single
3.2 G 3 Double
4.2 G 4 Four Times
ml (cm/hr)
none 1710.550 5.77






Solution 1879.416 1 0 . 6
*B=Beauregard **G=Gigger
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Untreated Soil Column Effluent Composition
A. Beauregard
The cumulative extractable cations curves are presented 
in Figures 1.1a through l.li. The general trend is that the 
quantity of each cation in the effluent increased as the 
pore volume (PV) increased up to a limit.
Especially, Figure 1.1a indicates that very low amounts
of Fe were leached from the column and that a substantial
increase did not occur until 7 PV had been pulsed through
the column. Most of the other cations reached a plateau at
15 PV input. The extractable Al (Figure l.ld) from this
— 5untreated column increased from 5X10 cmol/kg at 5 PV to 
5X10  ̂ cmol/kg at 20 PV. This suggests that only 5X10  ̂
cmol/kg were leached for every pore volume over this range 
of PV. The slow release of Al coincides with the early 
release of Na, Mg, Ca, Mn and K. Figure l.lf illustrates 
that K removal followed a linear relationship with increas­
ing pore volume. This trend tends to indicate that K bear­
ing minerals were being dissolved as leaching proceeded. 
This finding is predicted by the mineralogical data in Table 
2.
Figure l.lg denotes a step type increase in Mn content 
with increasing effluent volume. Two possible explanations 
for such trends are that the dissolution of an Mn containing 
mineral was occurring or that saturation changed (lowered) 
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Figure 1.1a. Cumulative displacement of iron for an un­











































Figure 1.1b. Cumulative displacement of magnesium for an
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Figure 1.1c. Cumulative displacement of sodium for an un­
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Figure l.ld Cumulative displacement of aluminum for an
unamended Beauregard Bt soil column versus pore vol­
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Figure l.lf. Cumulative displacement of potassium for an
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Figure l.lg. Cumulative displacement of manganese for
amended Beauregard Bt soil column as affected by
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Figure l.lh. Comparison of cumulative replacement of 
.aluminum and calcium from an unamended Beaureguard of 
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Figure l.li. Cumulative total extractable cation displace­
ment for an unamended Beauregard Bt soil column versus
pore volume of distilled-deionized water
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and dissolution as time elapsed. The plateau could indicate 
periods when enough oxygen was present to prevent reduction. 
The manitude of Mn in the effluent is relatively small
compared with total effluent cation total. The most soluble
+2 . . .  +3form of Mn is Mn and it is produced by division of Mn
+ 4 +2 +4into Mn and Mn but Mn is insoluble (Bohn et al.,
1979) .
Figures l.ld and l.le illustrate the Al and Ca cumula­
tive curves functions of pore volume. A comparison of these 
two is presented in Figure l.lh. Initially more extractable- 
Ca is leached in relation to Al but after 16 PV, the trend 
is reversed. The reversal points to the release of inter­
layer Al. Miller (1981) reported that most Louisiana upland 
so'ils contain Al-hydroxy interlayers and the clay data in 
Table 2 confirms it. The Al cumulative curve is a skewed 
sigmoidal curve. Aluminum makes up only 13 percent of total
_3effluent cations of 3.86X10 cmol/kg.
B. Gigger
Figures 1.2a through 1.2i indicate the cumulative 
curves for the effluent cations from an untreated Gigger 
soil column as functions of pore volume. There is an early 
release of extractable Fe up to 5 PV. A steep rise is also 
shown between 15 and 20 PV. The early rise is an indication 
that approximately 5 PV was required to remove all of the 
extractable Fe from the soil colloids. The plateau region 
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Figure 1.2a. Cumulative displacement of iron for an un­
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Figure 1.2b. Cumulative displacement of magnesium for un­
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Figure 1.2c. Cumulative displacement of sodium for unamended
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Figure 1.2d. Cumulative displacement of aluminum for un­
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Figure 1.2e. Cumulative displacement of calcium for un­
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Figure 1.2f. Cumulative displacement of potassium for un­
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Figure 1.2g. Cumulative displacement of manganese for un­
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Figure 1.2h. Comparison of the cumulative displacement of
aluminum and calcium for an unamended Gigger Bt soil
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Figure 1.2i. Cumulative total extractable cation displace­
ment for an unamended Gigger Bt soil column versus
pore volume of distilled-deionized water
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The cumulative curve for K (Figure 1.2f) is step-like
but the general trend is linear with increased pore volume.
The K curve never reached a plateau even after 20 PV, thus 
indicating the presence of K bearing minerals that are 
slowly dissolving or strong adsorbed K ions. The results in 
Table 2 verifies the existence of micacious mineral in this 
soil.
The Mn cumulative curve (Figure 1.2g) is also linear
with the final cumulative amount higher than that of Al with
one order of magnitude lower than Ca.
Figure l.lh, illustrates the disparity between water 
extractable Al and Ca. This set of curves shows the soil 
colloids preference for Al over Ca. This relationship shows 
that other strongly adsorbing ions are needed to displace Al 
since water only does not remove much Al.
A plot of the total effluent cation contents is shown 
in Figure 1.2i. A comparison of this plot with the cation 
cumulative curves quickly reveals that the curve is similar 
to the Ca isotherm. Calcium accounts for most of the 
measured extractable cations.
Since equal total volumes were not used for both soil 
types, the TEC for the Gigger is compared with the TEC from 
a Beauregard at nearly equivalent volume input. The TEC for 
the Gigger after 20.4 PV is 1.45X10- 1  cmol/kg while that for
-3Beauregard is only 3.86X10 cmol/kg. In fact, the 
Beauregard TEC after 21.6 PV is only 3.86X10  ̂ cmol/kg.
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were being leached in greater amounts or periods during
which dissolution of Fe-bearing minerals was not possible.
The steep rise occurs at a point when very small increases
in other cations is evident.
Other cumulative curves show that most of the initial
extractable cations were actually released during the
pulsing of the first two pore volumes of water. The Mg
cumulative curve (Figure 1.2b) shows a fairly linear
increase with PV while the Na shows two d i f f e r e n t
slopes. The shape of the Al extractable cumulative curve is
similar to that of Fe. A slow but gradual increase in
cumulative Al is noted up to 15 PV. ■ Next, there is a very
steep rise in the slope with further volume increases up to
-520 PV. After pulsisng 5 PV, 6X10 cmol/kg of Al is present
-4in the effluent while at 20 PV only 1.8X10 cmol/kg is m  
the effluent. The similarities in the Fe and Al curves 
strongly suggests the existence Fe-Al into the effluent. 
One other such mineral could be the trioctahedral mineral 
vermiculite where F e +  ̂ or A l +  ̂ may have substituted for Mg + 2 
or Fe + 2  in the octahedral layer (Bohn et al., 1979). The 
mineralogy determination did show interlayer Al-hydroxy 
species.
Apart from the nearly instantaneous removal of Ca by 1
PV, further PV increases indicate a linear relationship.
-4The slope of the curve shows that 2X10 cmol/kg Ca was 
leached by each pore volume beyond 1 PV.
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These results clearly suggest that more extractable cations 
are presented in the Gigger than the Beauregard. More 
espsecially, it shows that the water extractable cations 
displacement from Gigger is easier than from a Beauregard 
soil.
C. Cation Composition of Untreated Beauregard Column 
Sections
Tables 4 and 5 give results on some of the physical and 
chemical characteristics of untreated Beauregard and Gigger 
soil column sections. The pH of the original soils were 4.8 
and 3.6 in water and N KC1 pastes respectively. The pH 
values for the leached column deviated very little from 
these values. A possible explanation is that these soils 
have good buffering capacities (Table 2). A more complete 
explanation is that it arises from hydrolysis involving Al, 
Fe, Mn, which are present in large quantities. It has been 
shown by Jackson (1963) and Bloom et al. (1977) that hydrol­
ysis of these ions releases H into solution. The results in 
Table 2 also reveal the presence of interlayered-Al-hydroxy 
minerals in this soil.
The bulk density of the Beauregard soil column section 
shows some increases with depth. It is mainly 
1.38 f 0.014g/cm^. The Gigger soil sections had an average
4bulk density of 1.31±0.lOg/cm . There are no specific 
trends shown by the Gigger column sections.
The soil section moisture percentages are presented in 
Tables 4 and 5. Originally, the Beauregard and Gigger air-
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Table 4. Physical and Chemical Properties
of a Leached Zero Rate Beauregard Soil Column
Depth pH Bulk Density Percent
(cm) 1:IH 2 O 1:1KC1 Moisture
3
g/cm
1 1.27 cm CO• 3.6 1 . 1 0 42.1
2 2. 54 4.8 3.5 1.23 34.1
3 3.81 4.8 3.5 1.29 32.6
4 5.08 4.8 3.5 1.49 30.1
5 6.35 4.8 3.5 1.36 42.8
6 7.6 2 4.8 3.5 1.47 27.8
7 8.89 4.8 3.5 1.41 26.8
8 10.16 4.8 3.5 1.40 29.5
9 11.43 4.8 3.5 1.36 25.8
1 0 12. 70 4.8 3.5 1.38 25.4
1 1 13. 97 4.8 3.5 1. 64 25.6
1 2 15.24 4.8 3.5 1. 52 27.5
Mean 1.38 + 0.14 30.8
Original 4.8 3.6 1. 50 3.5
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Table 5. Physical and Chemical Properties
of Leached Zero Rate Gigger Soil Column.
Depth Soil pH Bulk Density Percent
(cm) lrlH^O 1:1KC1 Moisture
3
g/cm
1 1.27 CO• 3.5 1.15 48.3
2 2. 54 4.7 3.5 1.26 35.5
3 3.84 4.7 3.5 1.48 41.1
4 5.08 4.7 3.5 1.39 39.8
5 6.35 4.7 3.5 1.29 3 7.8
6 7.62 4.7 3.5 1. 41 37.9
7 8.89 4.7 3.5 1 . 2 0 37.9
8 10.16 4.7 3.5 1 . 2 0 37.9
9 11. 43 4.7 3.5 1. 31 37.8
1 0 12. 70 4.7 3.5 1.33 37.6
1 1 13.97 4.7 3.5 1.39 36.7
1 2 15.24 4.7 3.5 1.33 36.4
Mean 1.31 + 0.10 38.7
Original 4.7 3.5 1.45 2.5
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dried soils had moisture percentages of 2.5 and 3.5. The 
relatively high moisture levels of these sections after 
pulsing had ceased, indicates that saturation did exist in 
these columns to insure equilibrium exchanges.
These sections were intended to provide some insight 
into the retention of cations as well as provide some 
measure of uniformity in packing. The discussion that fol­
lows attempts to demonstrate that the former was possible. 
Because columns were in vertical position during leaching 
variation in bulk density may have resulted from a gravita­
tional effect.
The N NH^OAc exchange Al, Ca and CEC are presented in 
Table 6 . The data show that a fairly large amount of ex­
changeable Ca was still present on the Beauregard than the 
Gigger as was the case with the effluents. The average Al 
content of the Gigger sections is higher than that of the 
Beauregard. Using the ICP determined value of 2.92 cmol/kg 
of Al in the original Gigger soil reveals that only 1.34% of 
the original exchange Al was still present on the soil 
column after leaching. A similar calculation for the 
Beauregard sections revealed a value of 0.32% of the ex­
changeable Al still present on the soil complex after leach­
ing.
There was uneven distribution of N NH^OAc exchangeable 
Al in the Beauregard soil sections.
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TABLE 6. Al and Ca Compositions of Untreated Soil Columns
Beauregard Gigger
Depth Al Ca CEC Al Ca CEC
cm cmol/kg xlO 2 cmol(p+)kg cmol/kg xlO2 cmol/kg
1.27 4.02 85.0 1.46 7.03 2 1 1 4.35
2. 54 Tr* 77. 9 1.48 5.47 214 4.40
3.81 Tr* 87.7 1. 70 3.97 2 1 1 4.36
5.08 1. 71 71.1 1.39 Tr* 2.31
6.35 Tr* 73.7 1.42 4.36 224 4.61
7.62 Tr* 74.4 1.43 3. 51 226 4.63
8.89 2.36 71.5 1.42 2.67 233 4.80
0.16 Tr* 72. 3 1.39 2. 41 2 2 2 4.51
1.43 Tr* 70 . 6 1.36 0. 781 214 4.36
2. 70 Tr* 70.6 1. 34 Tr* 2 2 0 4.48
3.97 Tr* 70.0 1.36 2.80 2 1 1 4.34
5.24 0.341 6 6 . 0 1.28 3.97 218 4.50
Total 8.47 892 16.6 37.0 2400 51. 7
Mean 0. 706 74.3 1.38 3.08 219 4.31
*Trace amounts
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Extraction of the same soil column sections with N KC1 
shows nearly even distribution of Al in both soil columns. 
These results are presented in Table 7. This table shows 
that more exchangeable Al than Ca exists in the Beauregard 
soil sections. The Al to Ca ratio for the Gigger soil
sections is nearly one to one. Despite the higher leaching
volume for the Gigger column the average amount of ex­
changeable Al retained is nearly equal in the top halves of 
both columns.
D. Effect of Single Gypsum Rate of Beauregard Column 
Effluent Composition
The addition of a single gypsum treatment euivalent to
the exchangeable Al in the column in the top 5 cm section of
a Beauregad soil column produced the Al and Ca levels in the
effluent shown by the cumulative curves in Figures 2.1a and
2.1b. These curves show that both extractable Al and Ca
were released at very fast rates until 8 PV had been pulsed
through the column. The curves reached a plateau after 8
PV. The cumulative Al content in the effluent reached
-3 -5approximatly 2X10 cmol/kg as compared with 7X10 cmol/kg
for the untreated column. The total Al leached from the
- 2treated soil column after 21 PV was calculated as 2.48X10
cmol/kg. The results from the untreated column gave a value
-4of only 5.18X10 cmol/kg. These findings suggest that 
gypsum greatly enhanced the release of Al from the soil 
column.
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Table 7. Beauregard and Gigger KC1 Extractable 
Exchangeable Aluminum and Calcium
Beauregard Gigger
Depth Al Ca Al/Ca Al Ca Al/Ca
cmol/kg---- ---- cmol/kg----
1.27 1.85 0.849 2.18 2 . 0 1 2 . 06 0.974
2. 54 2.04 0.798 2.56 1.85 2. 03 0.915
3.81 1.90 0.695 2.74 1 . 8 8 2 . 1 1 0.893
5.00 1.98 0.722 2.75 1.84 2.04 0.899
6.35 1.90 0. 707 2.69 1.91 2.09 0.917
7.62 1 . 8 8 0.713 2.64 1.92 2.24 0.859
8 . 8 1.94 0. 745 2 . 60 1.81 2. 05 0.883
10.16 1.95 0. 715 2. 74 1.83 2. 04 0.898
11.43 1.82 0.671 2.71 1.90 2 . 2 1 0.859
12. 70 1.79 0 . 6 8 8 2.60 1. 74 2 . 0 0 0 . 8 6 8
13.97 1.89 0. 727 2.60 1.82 2.08 0.873
15.24 1. 71 0. 657 2 . 60 1.96 2.35 0.832
Total 22.7 8.69 22. 5 25.3
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Figure 2.1a. Cumulative displacement of aluminum for 
Beauregard Bt soil column amended with one equivalent 




















Figure 2.1b. Cumulative displacement of calcium for a 
Beauregard Bt soil column amended with one eguivalent 
of gypsum versus pore volume of distilled—deionized water
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The quantity of Ca initially in the gypsum treatment 
-3
was 1.24X10 cmol/kg however, the total cumulative Ca cal-
- 1
culated to be in the effluent was 1.1X10 cmol/kg. The 
additional Ca came from the soil colloids. For approxi­
mately the same effluent volume it had been determined
- 1
earlier that pure water removed only 3.38X10 cmol/kg total 
Ca from the column. It appears quite clear that the addi­
tion of gypsum helped increase the extractable Ca level. 
Dutt (1964) noted increased Ca release with increased gypsum 
concentration. Furthermore, Reeve and Sumner (1972) had 
noticed increased Ca in the effluent with the presence of 
gypsum. These authors as well as Kotze and Diest (1975) had 
ascribed these changes to SO^ induced polymerization of 
cations.
The cumulative curves in Figure 2.1c shows the rela­
tionship between Al and Ca in the effluent. Though more Al 
is present than when no gypsum was used, the calculated 
ratios of the cumulative amounts of these two ions is 
smaller for the treated than the untreated column. However, 
when the effluent Al is compared with the applied it is 
noted that nearly twenty times as much Al was removed for 
each centimole of Ca applied.
The total effluent cation distribution is shown in
- 1Figure 2.Id. The cumulative amount these ions is 1.78X10 





















Figure 2.1c. Comparison of the cumulative displacement 
aluminum and calcium for a Beauregard Bt soil column 
amended with one eguivalent of gypsum versus pore 



























Figure 2.Id. Cumulative total extractable cations displace­
ment for a Beauregard Bt soil column amended with one 
equivalent of gypsum versus pore volume of distilled- 
deionized water
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E. Effect of Single Gypsum Rate on Gigger Column Effluent 
Composition
The results of incorporating a single gypsum equivalent 
in the top one-third of a Gigger soil column are presented 
graphically in Figures 2.1a, 2.1b, and 2.1c. These cumula­
tive displacement curves represent the Al, Ca and total 
effluent cation contents. Figure 2.2a illustrataes that 
during the pulsing of a half PV hardly any change occurred 
in the effluent Al level. However, the Al level did show a 
very rapid increase in slope ,after that. Almost all.of the 
possible exchangeable Al had been leached after 2.5 PV. 
Beyond 2.5 PV, the rate of Al release is slow though con­
tinuous .
These findings suggest that the first few pore volumes 
leached out extractable Al originally present. The slow but 
increasing release of Al indicates the dissolution of gypsum 
and the eventual displacement of Al by Ca. The effluent Al 
curve is skewed sigmoidal because as Dutt (1964) found out 
the only curve following the expected sigmoid relationship 
was a column that did not contain gypsum. The skewness of 
the Al curve is a result of the adorption of Al as it moves 
through the column.
Figure 2.2b demonstrates that the Ca content of the 
effluent did not substantially increase until nearly half a 
pore volume had been leached as indicated earlier for Al. 
Nearly two orders of magnitude higher Ca content was in the 
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Figure 2.2a. Cumulative displacement of aluminum for a
Gigger Bt soil column amended with one equivalent of
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Figure 2.2b. Cumulative displacement of calcium for a
Gigger Bt soil column amended with one equivalent of



















Figure 2.2c. Cumulative total extractable cations displace­
ment for a Gigger Bt soil column amended with one 
equivalent of gypsum versus pore volume of distilled- 
deionized water
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the effluent seems to indicate that Ca was adsorbed as it 
was moving down the length of the soil column as noted by 
Dutt (1964). However, it is more likely that Ca was being 
exchanged for A1 and other cations as it moved through the 
column. If such is the case, then the Ca content of the
leached soil sections should be higher than the original 
soil sections. Kotze and Diest (1975) noted such trends in 
their study of subsurface acidity. The presence of the
hydroxy-interlayer clay minerals could have effected Ca 
adsorption and prevented its early appearance.
Calculations of effluent A1 and Ca contents showed that
-3 -23X10 cmol/kg and 3.5X10 cmol/kg Ca were in the leachate
after 2.5 PV. The similarity of the curve in Figure 2.2d to
the Ca curve demonstrates that much more Ca leached out in
addition than all the other cations combined.
The total effluent A1 and Ca contents (Figure 2.2c) 
were calculated to be 4.68X10  ̂ and 6.58X10  ̂ cmol/kg in the 
treated soil, respectively, after 10 PV. Corresponding 
values calculated earlier for the untreated column were 
6.75X10 and 2.48X10  ̂ cmol/kg. In fact the total effluent 
A1 and Ca leached by 20 PV of distilled water were only 
1.88X10  ̂ and 3.93X10  ̂ cmol/kg respectively. Since the 
greater leaching volume did not remove more Al and Ca from 
the untreated soil but did so in the treated soil, the 
incorporation of gypsum surely did affect the desorption 
















Figure 2.2d. Comparison of the cumulative aluminum and 
calcium displacement for a Gigger Bt soil column 
amended with one equivalent of gypsum versus pore 

















Figure 3.1a. Cumulative displacement of aluminum for a 
Beauregard Bt soil column amended with two equivalents 
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Figure 3.1b. Cumulative displacement of calcium for a 
Beauregard Bt soil column amended with two equivalents 
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Figure 3.1c. Cumulative total extractable cations displace­
ment for a Beauregard Bt soil column amended with two 
equivalents of gypsum versus pore volume of distilled- 
deionized water
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A1 accounted for only 3% but Mg and Ca accounted for over 
90%. However, extraction of the remaining soil column with 
N KC1 revealed that only half a percent of extractable Al 
was still on the soil colloids. Such finding suggests that 
the displaced Al was either bound too tightly at lower 
portions of the column or formed insoluble complex with SO^ 
as suggested by Jackson (1963).
F. Effect of Double Gypsum Rate on Beauaregard Column 
Effluent Composition
The cumulative Al and Ca displacement curves produced 
from effluent from a double rate of gypsum are presented in 
Figure 3.1a and Figure 3.1b. Excessively large pore volumes 
were used to insure adequate dissolution of the gypsum. The 
curves that extractable Al and Ca were leached out rapidly. 
Al removal proceeded at a higher rate than Ca. However, 
other cations were removed at still faster rates as indi­
cated by the cumulative displacement curves for the total 
effluent cations (Figure 3.1c).
Calcium removal as noted earlier is retarded by adsorp­
tion or exchange processes as it moved down the column. The 
retention of Ca is desirable since it replaces other un­
wanted cations from the soil complex.
The data reveal that the first 20 PV leached 4.7X10 2  
and 2.3X10 cmol/kg of Al and Ca respectively, from the 
double rate column while a similar volume was only able to 
remove 2.50X10-2 and 1.10X10 - 5  cmol/kg Al and Ca, respec­
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Figure 3 .Id. Comparison of the cumulative aluminum and 
calcium displacement for a Beauregard Bt soil column 
amended with two equivalents of gypsum versus pore 
volume of distilled-deionized water
87
third of the column. There is almost a ten-fold increase in 
effluent Al and Ca contents with the doubling of the rate. 
Only 10 PV of water was required to remove the bulk of the 
extractable Al from this soil column. It is significant 
that the increased gypsum rate removed more Al. Since this 
research and that of Miller (1981) have shown that these 
soils are less than 30% Al saturated not much change is
expected in the effluent composition. Kotze and Diest 
(1975) noted that complete Al removal is difficult and 
unecessary. These authors emphasized that small changes can 
greatly influence solution Al concentration.
The data suggest that in high rainfall areas like 
Louisiana, substantial Al concentration changes can be
brought about by rainfall percolating through the soil when 
gypsum is applied.
In the case of the single rate gypsum treatment, it was 
noted that 2.48X10-'2 cmol/kg Al was leached by 21 PV; trans­
lating into 1.18X10  ̂ cmol/kg per PV. The total cumulative
_ 2effluent Al content was calculated as 4.72X10 cmol/kg in
-4nearly 5 PV. This interpolates into 8.63X10 cmol/kg per 
PV, which again suggests that pure water alone is not suffi­
cient to remove Al from soil colloids. It is likely that 
the large pulsing rate did not permit long enough residence 
time for Ca to displace A l . Nielsen and Biggar (1961) found 
that slow flux permitted dispersion and diffusion and, thus, 
effecting ion exchange.
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The TEC content from the double rate was calculated as 
3.21X10  ̂ cmol/kg for 54 PV. The effluent Al content ac­
counted for 15% of the total effluent leached by 54 PV. The 
cumulative curve in Figure 3.1c shows that as Ca was being 
leached some Al was also leached as well. The low level of 
Al in the effluent suggests that Al could have undergone
polymerization with SO^ to remove it from the effluent as
noted by Reeve and Sumner (1970b).
G. Effect of Double Gypsum Rate on Gigger Column Effluent 
Compositions
The direct application of twice the gypsum into the top 
5 cm of a Gigger soil column resulted into the produciton of 
Al and Ca cumulative displacement curves presented in 
Figures 3.2a and 3.2b. Only half a pore volume was leached 
before increases in effluent composition of Al and Ca were
_3evident. After pulsing 10 PV, 9X10 cmol Al/kg and 
“ 11.4X10 cmol Ca/k:g were present in the effluent. After
10 PV, the Ca content reached a plateau with very slight
-4increases as PV increased. There was only 7.8X10 cmol Al 
/kg increase for the next 10 PV. Ten PV were therefore 
sufficient to remove nearly all the extractable Al from the 
column. The leveling of cation concentration has been in­
terpreted as caused by the adsorption onto the sosil col­
loids (Dutt, 1964; Kotze and Diest, 1975).
As before, the TEC was calculated and a value of 
2.8X10 ■*" cmol/kg was obtained. Aluminum, however made up 
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Figure 3.2a. Cumulative displacement of aluminum for a
Gigger Bt soil column amended by two equivalents of
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Figure 3.2b. Cumulative displacement of calcium for a
Gigger Bt soil column amended with two equivalents of
gypsum versus pore volume of distilled-deionized water
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the effluent Al and Ca contents. There is a large amount of
Ca present in the effluent in comparison to Al. Since
- 3approximately 2.48X10 cmol Ca/kg was applied the excess
Ca present came from indigenous sources. The total cumula-
- 1tive Ca in the effluent was determined to be 1.66X10 cmol
Ca Kg "*■ after 20 PV of leachate.
The double rate of Gypsum caused the release of 2.8X10 ''
c m o l / k g  total cations with Ca accounting for 58% of them.
The total cations released by a single gypsum treatment rate
_ 1was calculated as 1.49X10 cmol/kg with Ca accounting for 
44% of the TEC. The Al present in the effluent after puls­
ing 10 PV was 4.69X10  ̂ cmol/kg for the single rate while
_3that for the double rate is 8.46X10 cmol/kg. However, 
after pulsing nearly 20 PV through the double rate column
_3the cumulative Al determined was only 9.2X10 cmol/kg. 
These results again confirm the earlier statement that 
increased gypsum concentration releases more Al from the 
soil colloids. It further shows that approximately 10 PV 
are required to remove most of the extractable Al from 
Gigger soil column regardless of the treatment rate. How­
ever, the rate of leaching is greater for the higher rates 
than smaller rates. A graph of the TEC is given in Figure 
3.2c.
H. Effect of Four Times Gypsum Rate on a Beauregard Column 
Effluent Compositions
Four times the gypsum equivalent was dissolved in dis­
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Figure 3.2c. Cumulative total extractable cations displace­
ment for a Gigger Bt soil column amended with two 






























Figure 3.2d. Comparison of the cumulative aluminum and 
calcium displacement for a Gigger Bt soil column 
amended with two eguivalents of gypsum versus pore 
volume of distilled-deionized water
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rate of 16.5 cm/hr. Figures 4.1a and 4.1b illustrate that 
the first few pore volumes of solution did not leach much of 
the Al and Ca. The amounts of both ions never reached 
maximum even after 27 PV of effluent. The cumulative Al and 
Ca amounts found in the effluent were determined to be 
5.35X10”  ̂ and 4.86X10 ^ cmol/kg, respectively. The corres­
ponding values after 27 PV for a directly applied double
-2 -1 
rate were 4.67X10 and 2.31X10 cmol/kg. It took over 54
PV to remove all the extractable Al and Ca from the double 
rate column but only required half that much volume to 
achieve the same goal at four times the rate. Pure water 
only is inadequate to successively remove Al from soil 
colloids.
There was an increase in the Al content as the volume 
of gypsum solution increased. As shown in Figure 4.1c only 
Mg content leveled off. Figures 4.Id through 4.1g illus­
trate the Fe, Na, K, and Mn cumulative displacement curves. 
The Mn level never achieved a true plateau but maintained a 
sigmoid shaped curve. All cations were still being released 
as the volume of gypsum solution increased. It has been 
determined that the greater the amount of gypsum the higher 
will be the concentration of the cation before leveling off 
(Dutt, 1964) .
Figure 4.1h is the cumulative displacement curve for 
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Figure 4.1a. Cumulative displacement of aluminum for a 
Beauregard Bt soil column treated with a solution 




























Figure 4.1b. Cumulative displacement of calcium for a
Beauregard Bt soil column with a solution containing
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Figure 4.1c. Cumulative displacement of magnesium for a
Beauregard Bt soil column with solution containing four
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Figure 4.Id Cumulative displacement of iron for a Beaure­
gard Bt soil column with a solution containing four
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Figure 4.1e. Cumulative displacement of sodium for a
Beauregard Bt soil column with a solution containing
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Figure 4.If. Cumulative displacement of potassium for a
Beauregard Bt soil column with a solution containing
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Figure 4.1g. Cumulative displacement of manganese for a
Beauregard Bt soil column with a solution containing





















Figure 4.1h. Cumulative total extractable cations displace­
ment for a Beauregard Bt soil column as with a 
solution containing four equivalents of gypsum versus 
pore volume
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similar to that of Ca. The total effluent cation amount was 
- 1
5.79X10 cmol/kg with Al accounting for 9%.
Comparison of the Al and Ca (Figure 4.1i) shows that 
both ions were increasingly present in the effluent. As 
more gypsum solution was going through the column more Al 
was being released as was the case with all the other 
cations. Magnesium was the only ion to show a plateau after 
pulsing with 10 PV.
In comparison to the double rate, the quadrupled rate
_ O
removed only 9.29X10 ~> cmol Al/kg more than the double 
rate. However, extraction of the remaining soil with N KC1 
showed that only 0.966 cmol/kg or 33% of the original soil 
Al was still present. A similar calculation showed that the 
untreated Beauregard soil column still had 65% of the origi­
nal exchangeable Al present after leaching. It is most 
likely that Al was altered into a non-exchangeable form with 
the use of high amount of gypsum.
I. Effect of Four Times Gypsum Rate of Gigger Column 
Effluent Composition 
The quadrupled gypsum equivalent was dissolved and
pulsed through a Gigger soil column at a rate of 10.6 cm/hr. 
Figures 4.2a to 4.2f represent effluent composition as func­
tions of pore volume. Figure 4.2a illustrates that 4 PV of 
gypsum were pulsed through the column before a detectable 
amount of Al appeared in the effluent. The lagging of Al 
could be due to retention by the soil colloids as it moved 
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Figure 4.1i. Comparison of the cumulative displacement 
aluminum and calcium for a Beauregard Bt soil column 
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Figure 4.2a. Cumulative displacement of aluminum for a
Gigger Bt soil column with a solution containing four






















Figure 4.2b. Cumulative displacement of calcium for a
Gigger Bt soil column with a solution containing four
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Figure 4.2c. Cumulative displacement of magnesium for a
Gigger Bt soil column with a solution containing four
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Figure 4.2d. Cumulative displacement of iron for a Gigger
Bt soil column with a solution containing four equiva­
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Figure 4.2e. Cumulative displacement of sodium for a Gigger
Bt soil column with a solution containing four equiva­
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Figure 4.2f. Cumulative displacement of potassium for a
Gigger Bt soil column with a solution containing four


































Figure 4.2g. Cumulative displacement of manganese for a
Gigger Bt soil column with a solution containing four




























Figure 4.2h. Cumulative total cations displacement for a
Gigger Bt soil column with a solution containing four


































Figure 4.2i. Comparison of the cumulative displacement
aluminum and calcium for a Gigger Bt soil column with a
solution containing four equivalents of gypsum
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too fast to establish complete column saturation. There is 
a steady increase in the A1 content after inputting 5 PV.
The Ca cumulative displacement curve shows that Ca did
not just move through the column. A large quantity of
effluent was leached before a consistent rise in the Ca
content began. The delay in the emergence of Ca could be
due to exchange at the soil surface. Calculations of the
total effluent cation content at 5 PV show that in fact such
is the case. The ratio of Ca to total effluent cations
should be higher since each observation accounts for the
inputting of 5.26X10 1 cmol/kg on the average. The change
in the Ca content from the graph is a small part of the
cumulative volume input. If all the applied gypsum leached
through the column, the Ca content of the effluent after 5
PV should be 2.48X10 cmol/kg. However, the graph shows
_2that less than 1 . 1 0  cmol/kg were found in the effluent. 
There is a steep rise in the Ca curve after adding 10 PV of 
gypsum solution. The Mg cumulative displacement curve is 
sigmoidal. The curve started to break more rapidly after 5 
PV and was nearly complete at 10 PV.
The iron cumulative displacement curve (Figure 4.2d) 
initiated a rapid break at 6 PV and never achieved a
plateau. The gypsum solution was therefore continuously
releasing from the soil colloids.
The sodium cumulative curve (Figure 4.2e) began to 
increase rapidly after about half a pore volulme. This
115
curve showed a semi-plateau between 4 and 8 PV, but resumed 
a gradual rise with increased PV input.
The K c u m u l a t i v e  c u r v e  (Figure 4.2f) shows a 
strange relationship. There seems to be at least 4 dif­
ferent slope changes on this curve. Significant slope 
increases occurred between 5 and 9 PV as well as between 10 
and 16 PV. Each of these slope alterations could be asso­
ciated with varying rates of release from K bearing 
minerals. This soil series did have trace amounts of mica 
(Table 2).
The shape of the Mn cumulative displacement curve 
(Figure 4.2g) is also sigmoidal with breaks occurring at 
similar positions like the Mg. The Mg cumulative displace­
ment curve, however, had slightly larger values at the 
plateau.
The TEC cumulative curve (Figure 4.2h) simply shows 
where significant changes in effluent ion levels occurred. 
Like most of the component curves, it shows a skewed sigmoid 
curve. The major portion of the effluent cations was 
released between 7 and 10 PV as indicated by the sharp rise 
in slope. This curve therefore predicts that when high 
rates of gypsum are used, most of the exchangeable cations 
are released between 7 and 10 PV.
As in earlier cases, Figure 4.2i, shows that extremely 
large amounts of Ca were present in the effluent in compari­
son to Al. Specifically for this column, the ratio of A1 to
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Ca found in the effluent at 10 PV was calculated to be 
0.065. However at smaller pore volumes, the ratio is nar­
rower .
The foregoing discussion on Table 8 revealed some 
interesting facts about the effectiveness of gypsum in 
reducing A1 to subtoxic levels. Blarney and Nathanson (197) 
reported that a 0.1 meq/lOOg reduction was sufficient to 
cause substantial yield increases. The amount of extractble 
A1 left on the column after leaching nearly one liter of 
gypsum was very small or as reported, a 90% reduction. The 
significance of this finding is that weather data from the 
regions where these soils are found to show that over a 
thousand millimeters of rainfall is received within a year. 
Such being the case, the shallow application of gypsum to 
permeable acid soils will eventually reduce A1 to nontoxic 
levels within a few years. Most reseach results quote a
value of 15% Al saturation as a tolerance level. There is
no doubt, the deep placement of gypsum could accomplish such 
a goal. The results from this study have shown that by 
increasing the gypsum concentration a smaller volume of 
water is needed to displace most of the Al.
Several of the gypsum treated columns were sectioned 
and analyzed for Al and Ca content with N KC1 and N NH^OAc. 
The results are presented in Tables 8 and 9. The exchange­
able Al and Ca values in the various sections in Table 8
show that the Beauregard soil column still had about 20% of
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Table 8 . Potassium Chloride Exchangeable Aluminum and 
Calcium as a function of Depth in the Soil Column
Beauregard 4 Gigger 4
Depth Al Ca Al/Ca Al Ca Al/Ca
cm ---- cmol/kg---- ---- cmol/kg----
1.27 0.175 5.72 0.0306 0.130 7. 75 0.017
2.54 0.330 4. 79 0.0689 0.067 6 . 72 0 . 0 1 0
3.81 0.506 4.48 0.113 0.476 6.07 0.078
5.08 0.661 4.21 0.157 0. 673 6.07 0 . 1 1 0
6.35 0.844 4.36 0.193 0.163 6.04 0.027
7.62 0.924 3. 94 0.235 0.080 5.56 0.014
8.89 1.07 3.91 0.272 0.650 5.74 0.113
1 0  . 2 1.13 3.32 0.339 0.094 1.67 0.056
11.4 1.23 3.34 0.369 0.124 5.44 0.023
12.7 1.39 3.53 0.393 0.118 5.41 0 . 0 2 2
14.0 1. 52 3.29 0.464 0.297 5.24 0.057
15.2 1.81 3. 57 0.508 0.070 5.13 0.014
Total 1 1 . 6 48.5 2.94 66.9
Mean 0.966 4.04 0.245 5.58 0.044
Original 4.82 0. 75 3. 74 2 . 2 2
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the original Al present. There is an increase in the Al 
levels with depth. The Gigger soil column does not show any 
trend with depth but the original 3.74 cmol/kg was reduced 
to only 7%. Though this is over 90% reduction it was not 
evident from the leachate analysis. However, it is posible 
that the Al was complexed and converted into non-extractable 
form.
The data in Table 9, clearly indicates that N NH^OAc is 
a very poor extracting agent for Al in comparison to N KC1.
The amounts of Al and Ca are very low in N NH^OAc extract
from the Gigger soil.
Using the N KC1 extract results as a basis, it is 
therefore fair to asert that a substantial retention of Ca 
occurred in both soils. The original soils had 0.75 and 
2.22 cmol Ca/kg. In addition to the amount in the 
effluent, the quantities presented in Table 8 were still on 
the soil colloids. The increased values also suggest that 
previously non-extractable Ca became extractable.
Part 2. Labelled Gypsum Treatments
The result of experiments using labelled solutions will 
be graphically presented in terms of relative concentra­
tions, C/Co=R, where C is counts per minute in extract and 
Co is counts per minute of standard solution used. The 
treatments used in the labelled study are given in Table 10.
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Table 9. Ammonium Acetate Exchangeable Aluminum and 
Calcium as a Function of Depth in the Soil Column
Beauregard 4 Gigger 4
Depth Al Ca Al/Ca Al Ca Al/Ca
cm ---- cmol/kg---- ---- cmol/kg----
1.27 0.053 5.27 0 . 0 1 0.045 0.992 0.046
2.54 Tr* 5.02 - 0.026 0.833 0.312
3.81 Tr* 4.94 - Tr* 0.784 -
5.08 Tr* 4.46 - 0.052 0.724 0.072
6.35 Tr* 4.66 - 0.031 0.792 0.039
7.62 Tr* 4.33 - 0.050 0.771 0.065
8.89 Tr* 3.97 - 0.052 0. 712 0.073
1 0 . 2 0.044 3. 76 0 . 0 1 2 0.016 0.691 0.023
11.4 Tr* 3.82 - 0.025 0.692 0.036
12.7 0.060 3. 54 0.017 0.065 0. 701 0.093
14.0 Tr* 3.49 - 0.042 0.715 0.059
15.2 0.046 3. 44 0.013 0.036 1.58 0.023
Original 4.82 0. 75 3. 74 2 . 2 2
*Trace amounts
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Table 10: Treatments, effluent volumes and
















B* 5 Single 45Ca 
labelled
1420.70 147 5.1
G** 5 Single 45Ca 
labelled
1667.88 187 5.2
B 6 3 6 C1 
' labelled
460.010 165 6 . 1




459.60 173 6 . 2
*Beauregard **Gigger
A. Ca-Labelled Single Rate Beauregard Column
45The plot of the Ca distribution in the effluent is 
shown in Figure 5.1. The first dectable amounts of labelled 
Ca appeared in the effluent after two pore volumes had been 
pulsed. From then on there was a steady increase in the
effluent Ca level. The maximum amounts were detected in
effluents emerging after 9 PV total volume.
There is a shift in the curve to the right. This shift 
is likely due to adsorption and ionic exchange. Nielsen and 
Biggar (1961) noted that the shape and position of a break­
through curve were dependent on these factors. The
behaviors of both labelled and unlabelled species are
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tc behave alike, the portion of the radioactive portion at a 
given location indicates that the same portion of the latter 
is present.
As noted abcve, adsorption took place. The desorption 
of this curve shows that the Ca, after displacing Al and 
other ions, is in the exchange location and available for 
reaction with roots or any other species needing it. The 
sharp decline in slope accounts for this. Approximately two 
pore volumes of distilled water were required tc displace 
most of the adsorbed calcium.
Tab]e 1] shows the results from a N NH^OAc extract of 
the Beauregard soil column. The data indicates that trace 
amounts of Al were still present while Ca accounted for most 
of the total TEC. Approximately 0.3% of the original Al was 
still on the column. Though the N KC1 extractable Al (Table 
12) showed that nearly 38% of the original Al was still 
present on column, there was in effect a 62% reduction. In 
comparison to the original value, this translates into 3 
cmol Al/kg reduction.
The results in Table 12 shows a substantial reduction 
in the amount of Al in the top half of the column. Such 
data shows that the gypsum treatment is capable of dis­
placing Al to lower depths. This trend was evident in many 























Figure 5.1. Relative calcium 
for a Beauregard Bt soil 
labelled gypsum solution 
versus pore volume
concentration C/Co of effluent 
column leached with calcium-45 
followed by tracer-free water
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assumed identical (Wang et al., 1965). These authors noted 
that translation of a breakthrough curve to the right was 
due to tracer exchange or precipitation within the soil 
column.
Kizza (1978) noted that large and small aggregates were 
involved in solute movement within a soil column. Diffusion 
was considered as the main factor in small aggregates. He 
also concluded that the rate of exchange is greater at pH4 
than at pH7. The Beauregard soil used in this study has a 
pH of 4.8. Furthermore, the Beauregard Bt has silt loam 
textured and therefore has more sites available for exchange 
compared to a sandy soil. It took nearly 10 PV to detect 
90% of the labelled calcium in the effluent.
A quick comparison of Figure 2.1b with this figure 
reveals several similarities. The detectable amounts of the 
actual concentration in Figure 2.1b came after two pore 
volumes of pulsing as with the labelled ^ C a  solution. The 
90% detection occurred after 9 PV. These few facts reveal 
the effectiveness of radio tracer in elution study. Without 
actually measuring concentration, enough information can be 
obtained from tracers to predict the behavior of cations in 
soils. The importance of this finding to the study of Al is 
that, when gypsum or any other displacing solute is applied 
it can be certain that a giver, percentage could have dis­
persed through the soil to effect changes in the levels of 
adsorbed cations. Since tracers and nontracers are assumed
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TABLF 11. Labelled Beauregard 5 Column 
N NH^OA Extract Composition as Function of 
Depth in the Soil Column
Exchangeable Cations and Sulfate
Total
Depth Fe Mg Al Ca K CEC so4
cm
x i o 3 x i o 3 XIO 3 x i o 3
1.27 2. 51 32.4 Tr* 3.59 Tr* 3.63 0.146
2. 54 2.98 38.9 Tr* 3.02 40.0 3.10 0.158
3.81 5.26 70.9 . 47.8 2. 54 59.4 2.73 0.121
5.08 2. 01 24. 6 Tr* 2.46 49.7 2.54 0.190
6.35 3.48 52.9 Tr* 2.06 114 2.23 0.145
7.62 3.98 62.3 24.3 1.73 76.3 1.90 0.155
8.89 4.07 54.5 24.8 1.73 120 1.93 0.189
10.2 4.44 75.1 37.7 1. 68 82.4 1.88 0.189
11.4 3.65 57.0 Tr* 1.68 121 1.87 0.221
12. 7 0.795 9.84 Tr* 1.82 71.5 1.91 0.271
14.0 4.15 72.1 36.9 1.66 119 1.89 0.234
15.2 3.90 63.9 14.2 1. 65 130 1.86 0.235
Total 41.2 614 186 25.6 982 27.5 2.25
Original 172 154 3.74 0.75 509 16.49 0.658
*Trace amounts
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TABLE 12. Labelled Gigger Column 
N NH^OAc Extract Composition as Function
Exchangeable Cations and Sulfate
Total
Depth Fe Mg Na Al Ca K Mn CEC so4
V». 1I j. /
XIO 3 XIO 2 x i o 2 X10 1 XIO 2 x i o 1
1.27 1 2 . 2 7.67 Trace 5. 78 6.24 2 . 8 8 1.15 6.40 5.59
2.54 6.38 4.43 Trace Tr* 5.56 2.25 1.25 5.63 7.62
3.81 2.63 3.93 Trace Tr* 5.08 2 . 1 1 1.87 5.14 8.07
5.08 3.94 5. 74 Trace 2.26 5.06 2.19 1.72 5.17 8.63
6.3 5 7.33 10.7 Trace Tr* 5.03 2.48 1. 78 5.17 8.93
7.62 3.13 5.74 Trace 2.51 4.83 2.13 2.49 4.94 8 . 8 8
8.89 2.14 3.53 Trace Tr* 5.00 1.99 2.30 5.06 9.23
1 0 . 2 2.83 5.53 Trace. Tr* 4. 95 2.27 1. 83 5.03 9. 51
11.4 3. 73 8.81 Trace 4.02 4.55 2.48 1.18 4.69 10.3
12.7 1.89 4.80 Trace Tr* 5.21 2.60 1.98 5.28 10.9
14.0 4.15 9.59 Trace 1.93 5.15 3.16 2.90 5.30 10.9
15.2 4.57 16.5 Trace 3.27 4.89 25.5 2.38 5.12 1 1 . 8
Total 54.9 86.9 Trace 19.8 61.6 52.1 22.9 62.9 1 1 . 0
Mean 4.58 3.91 1.65 5.13 4.34 1.91 5.26 9.17
Original 172 154 0 . 0 1 3. 74 2 . 2 2 0 . 0 1 2 8.41 15.13 0.87
*Trace amounts
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The data in Table 13 shows the bulk density and mois­
ture distributions of the Beauregard column. The bulk den­
sity values are within the limits of the natural soil cores. 
The variations in the moisture could be a result of sec­
tioning the columns. The column was moist and as such a 
slight depression could have packed the soil more one way or 
another and forced out water. The presence of moisture in 
these sections shows that the effluent did have the same 
chance of effecting desorption in all portions of the 
column. One important aspect of this finding is that the 
bulk density was not increased to such a level to impede 
solute transport of gypsum.
B. Calcium-45 Single Rate Gigger Column
The breakthrough curve in Figure 5.2 was derived in the 
same way as the Beauregard column described above. Detect­
able Ca did not appear in the effluent from this Gigger 
column until 6 PV had passed through the column. The maxi­
mum amounts were not detected until more pore volumes had
been pulsed. Until pore volume exceeded 8 PV over 50% of 
the applied calcium was being retained. The faster influx
rate did not push the solution through the column.
The desorption portion of the curve is gradual after a 
sharp drop between 9 and 10 PV input. The soil has high 
retention. Here again, it can be emphasized that the re­
tained Ca is also available for exchange. This is signifi­




13. Beauregard N KC1 Extract Composition 
Properties as Function Depth in the Soil 1
and
Column





1 .27 0.836 3.42 0.244 1.29 35.4
2 . 54 1.18 2.82 0.417 1.43 33.1
3.81 1.34 2.17 0.617 1.29 29.0
5 .08 1.84 2.58 0.712 1.30 34.1
6 .35 1.93 2.06 0.938 1.32 31.5
7 . 62 2 . 1 0 1.83 1.15 1. 50 27.3
8 . 89 2 . 2 1 1.90 1.16 1. 31 29.4
1 0 . 2 2 . 0 2 1. 71 1.18 1.49 28.6
1 1 . 4 1.99 1. 74 1.15 1.41 27.3
1 2 . 7 2.08 1.76 1.18 1.42 27.3
14 . 0 2.05 1. 78 1.15 1.39 27.2
15 . 2 2 . 1 0 1.71 1.23 1. 50 28.9
Total 21.7 25.5 0.851
Mean 1.81 2 . 1 2 0.85 1.39 29.9









































Figure 5.2. Relative calcium concentration C/Co of effluent 
for a Gigger Bt soil column leached with calcium-45- 
labelled gypsum solution followed by tracer—free water 
versus pore volume
6 7 8 9 10 11 12 13 14 15
PORE VOLUMECV/VO)
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use. The N NH^OAc extract data presented in Table 12 shows 
that only trace amounts of A1 were still on the column while 
eager amounts of Ca were present. Information of the status 
of other cations, CEC and SO^ are also presented. The 
significance of this information is that less than 0.3% of 
the CEC is Al while Ca accounts for nearly 99%.
There was a recognized trend in the displacement of Al 
from the columns. Most sections had nondetectable amounts. 
The top section had the highest level. This could indicate 
that dispersion was not very effective in this layer. Nor­
mal KC1 extractable Al though not presented here did show 
the trend recognized earlier for the Beauregard column.
An interesting aspect of this table is that except for 
the top 1.27 cm, there is an even distribution of Ca 
throughout. This is important because it shows that the 
treatment was capable of effecting change in all portions of 
the column.
The data in Table 13 on the bulk density and moisture 
content indicates that the column had been packed within the 
specified bulk density range and that nearly equal effluent 
distribution had been maintain throughout the column.
C. Chloride Movement in Beauregard Soil Column
Figure 6.1 shows the results of a leaching study uti-
*3 C
lizing C a C ^  labelled with Cl. Approximately 100 ml of 
the solution was used. The pulsing was preceded by dis­
tilled water to establish a constant flow. The ratio of the
PORE VOLUMECV/VO)
e 6.1. Relative chloride concentration C/Co of 
effluent for a Beauregard Bt soil column leached with 
chlorine-36-labelled calcium chloride solution 
followed by tracer-free water versus pore volume
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counts per minute to the standard counts are presented on 
the vertical axis while the PV is the horizontal axis. The 
breakthrough curve shows a normal distribution. There was 
Cl detection before 1 PV had been reached. If no spreading 
of the tracer front had taken place, the breakthrough curve 
should have appeared as a single vertical line at PV=1. 
Nielsen and Biggar (1961) noted if no diffusion occurs in a 
medium with large microscopic flow velocities narrow in 
their distribution, a skewed sigmoid breakthrough curve will 
pass through C/Co=0.5 at the volumetric column water capac­
ity. If however, the flow velocity everywhere is zero and 
only diffusion takes place at a tracer front within the 
medium, they noted that, the resulting curves passed through 
C/Co=0.5 at the original position of the tracer front. Any 
translation of the curve to the left at low flow velocity is 
ascribed to ionic diffusion in conjuction with dispersion 
during miscible displacement (Nielsen and Biggar, 1961, 
1962). At 2 PV the effluent had near maximum Cl concentra­
tion .
Adsorption and ionic exchange affect the shape and 
position of the Cl breakthrough just as it does for cations. 
The Cl ion diffused into the aggregates. It therefore 
appeared in the effluent only after a large amount of fluid 
had passed through the column. Nielsen and Biggar (1962) 
obtained similar results in a study involving 2 0 0  micron 
size glass beads, and Cl.
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D. Labelled Chloride Movement in Gigger Soil Column
The results of a similar study using a Gigger soil 
column are presented in Figure 6.2. The breakthrough curve 
for the Cl is translated to the left of 1 PV. Nielsen and 
Biggar (1961) ascribed translation of a breakthrough to the 
left as being caused by hold back. These authors asserted 
that the magnitude of the translation depends upon time- 
dependent diffusion velocity coupling. The noted velocity 
distribution is constantly changing concentration gradient 
of the tracer.
Only 65% of the applied Cl was ever detected in the 
effluent. This indicates that diffusion into the soil 
aggregates took place. The early appearance of Cl in the 
effluent suggests the existence of large pores. The Gigger 
in fact contains large aggregates. The slow approach of the 
breakthrough curve to C/Co=l indicates that the Cl was 
diffusing from the large pores into the smaller ones.
It has been established that Cl is weakly held by soil 
colloids (Schofield and Samson, 1954) at positive sites that 
appear at low pH values (Taylor, 1959). Sulfate retention 
is similar to Cl retention. The strong affirmity of SO^ for 
Al is also known (Graham and Thomas, 1947). It is therefore 
safe to assume that the behavior Cl estimates expected 
trends in SO^ retention in low pH soils like the Beauregard 
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Figure 6.2. Relative chloride concentration C/Co of effluent 
for ® Gigger Bt soil column leached with chlorine-36- 
labelled calcium chloride solution followed by tracer- 
free water versus pore volume
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O £Kizza (1978) noted increased Cl adsorption with 
decrease in pH. He concluded that it was due to an increase 
in the positive charges of the soil colloids. The pH values 
of the soils used ranged from less than 4 to 4.6. An ion 
adsorption on pH dependent surfaces have been indicated by 
Gebhardt and Coleman (1974) and Galindo and Bingham (1977).
The adsorption of Cl and Ca are known to increase 
as their concentrations decrease. Kizza (1978) derived the 
following equation to account for isotopie exchange in 
soils:
M
t*Ca] . =______ [*Ca]n 10-
[Ca] o
45where [*Ca]= Concentration of Ca and [Ca]Concentration of 
40
Ca. From this equation he therefore showfed that at
45 ■equilibrium, Ca on the exchange site is inversily propor-
40tional to the Ca solution concentration. The basic con-
40elusion was that as the Ca equilibrium concentration
40decreased, the adsorption of Ca on the exchange increases
for a specific tracer solution. He stressed that a similar
3 6relationship exists for Cl as well as SO^ ions.
The data presented in Table 14 below shows the pH values 
of the effluent from a Beauregard soil column. Since volumes 
were small, several consecutive tubes were combined to 
obtained a sufficient volume to insert the pH meter probe.
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Table 14: Unlabelled Beauregard Bt Soil Column Effluent pH
Sample No. PH Sample No. PH
1 4.0 24 6.6
2 3.8 25 6.6
3 3.8 26 4.8
4 3.7 27 5.2
5 3.7 28 4.2
6 3.8 29 4.4
7 3.8 30 4.4
8 3.6 31 4.3
9 3.3 32 4.1
10 3.3 33 4.3
11 3.3 34 4.7
12 3.4 35 4.4
13 3.6 36 4.5
14 3.4 37 4.5
15 3.3 38 4.5
16 3.5 39 5.7
17 6.3 40 5.7
18 6.5 41 5.5
19 6.7 42 5.4
20 6.7 43 4.4
21 6.6 44 4.5
22 6.6 45 4.6
23 6.6 46 4.6
The pH trend presented into Table 14 was typical of 
many of the columns for which pH determined. The low pH 
values at first indicate the displacement of exchangeable H. 
The higher pH value in the middle range suggests the pre­
sence of exchangeable bases while the lower pH at the end 
seems to suggests the displacement of H ions resulting from 
the hydrolysis of Al (Thomas and Coleman, 1961; Rich, 1960). 
The presence of such pH levels in the soil column
strongly suggests that the exchange of ^ C a  and ^ C 1  were
45greatly affected. Kizza (1978) found that Ca appeared
earlier in the effluent at pH4 and the peaks were shifted to
the right as pH increased. The presence of iron, oxides,
45and kaolinite are known to increase Ca adsorption. The
3 6reverse trend is observed for Cl (Sawhney and Norrish, 
1971). From this discussion it is clear that the behavior 
of the Ca and Cl curves were dependent on the properties of 
the soils. The presence of Al hydroxy interlayered clays 




The Bt sections of both Beauregard and Gigger soils 
were used in a laboratory study involving Al displacement 
from subsoils. Gypsum equivalent to 0, 1 and 2 exchangeable
Al in these layers was applied to the soil column. In
addition, gypsum solution containing 4 Al equivalent were 
pulsed through the columns. The objectives of this study
included: (1) Identification of the Al levels in these
soils and the application of several equivalents of gypsum 
to displace Al; (2) Determination of the minimum pore volume 
of effluent necessary to cause a significant reduction in 
the Al levels; (3) Verification of the retentive abilities
of these soils, and; (4) Determination of the effect of SO^
on the displacement of the adsorption/desorption rates of 
cations and anions. These investigations were intended to 
facilitate the comparison of the effects of the various 
gypsum rates on the overall displacement of Al and other
cations and anions from prepared soil columns.
The Beauregard and the Gigger had approximately the 
same percentage Al saturation but the Beauregard had a 
slightly higher cation exchange capacity as compared to 
Gigger (Table 2). Both soils also had nearly the same pH
values, 4.8 and 4.7, respectively.
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The leachates were analyzed and values converted to
centimoles per kilogram and plotted against pore volumes to
45obtain cumulative curves. The counts per minute of Ca
-3 £and Cl were converted into relative concentration C/Co=R 
and plotted against PV. The shape and position of these 
cumulative displacement curves were used to explain ion 
exchange processes and predict trends in cation and anion 
displacement in acid soil horizons.
The following conclusions were drawn from experimental
data.
A. Unamended Columns Effluent Cumulative Displacement 
Curves
More cations were displaced as the effluent volumes
increased. Initially, water displaced more Ca than Al from
the Beauregard Bt soil column but this trend was reversed
after 16 PV. Most cations were slowly released. The slow
displacement of Al coincided with rapid increases in the
-4quantities of other cations. Distilled water released 5X10 
cmol Al/kg which accounted for 13% of the total effluent 
cations. This release was slow but continuous with PV. 
Such release was ascribed to the removal of interlayer 
hydroxy-Al. Only potassium showed a linear displacement 
with PV.
The displacement trend from the Gigger was slightly 
different. Most extractable cations were displaced early. 
Magnesium showed a linear relationship while sodium mani­
fested several slope changes. There were similarities in
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the shape of the Fe and Al cumulative displacement curves 
thus suggesting similar parent mineral source. The substi­
tution of Fe and Al for Mg into the 2:1 tri octobedral clay 
mineral vermiculite suggested. Al displacement was slow up 
to 15 PV and then increased rapidly. The K and Mn cumula­
tive displacement curves were generally linear with increas­
ing PV.
There were small quanatities of Al in comparison to Ca 
in the effluent from the Gigger. The distilled water dis­
placed Ca accounted for most of the TEC.
The TEC released from the Gigger was higher than that
from the Beauregard. It was also noticed that distilled
water alone is incapable of displacing Al from soil columns.
B. Unamended Soil Sections
Examination of the leached soil sections showed that 
adequate moisture was maintained in all sections of the 
columns to permit saturated flow. The bulk densities were 
in the desired range. The pH did not vary much from the 
original soil pH values.
Normal NH^OAc extract analysis of the sections showed 
that the Beauregard still had higher Ca levels than the
Gigger. Both soils had very small amounts of N NH^OAc
extractable Al and none in some sections. The higher CEC 
Beauregard had only trace amounts of extractable A l .
However, extraction with N KC1 showed even distribution 
of Al in all sections. The ratio Al/Ca extracted from the
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Beauregard was higher than from the Gigger. Nearly equal 
proportions of N KC1 extractable Al and Ca were in the top 
and bottom halves of the Gigger column.
D. Single Gypsum Equivalent
There was rapid displacement of Al and Ca up to 8 PV of 
leachate with substantially higher quantities of Al in the 
effluent in comparison to the unamended Beauregard and 
Gigger soil column. The single gypsum equivalent enhanced 
Al displacement. At the same PV, there was a hundred times 
more Al in the effluent of the amended soil column than the 
unamended Beauregard soil column. Aluminum accounted for 
14% of the TEC.
There was increased Ca release with added gypsum. The 
ratio of Al to Ca was smaller than that from the unamended 
soil column. Comparison of the effluent Al with the actual 
applied Ca, showed that there was nearly two times more Al 
displaced for each centimole of Ca applied.
Only 2.5 PV of effluent was required to displace most 
of the extractable Al from the Gigger soil column. The 
skewness of the cumulative displacement curve was believed 
caused by slow release or adsorption of Al as it moved down 
the length of the column after being displaced in the upper 
sections. The tailing of the Ca cumulative displacement 
curve showed that retention of C took place as well as ionic 
exchange.
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The Al released by the single rate was substantially 
higher than that released by distilled water from the 
unamended Gigger soil column. Large amounts of Mg and Ca 
were also released. The Al content accounted for only 3% of 
the TEC.
It was concluded that increased distilled water input 
without gypsum can not adequately displace most of the 
cations in the Beauregard and Gigger soils.
The soil sections from these leached gypsum treated 
colums contained less than one percent N KC1 extractable A l . 
This result raised a question about the whereabouts of the 
remaining Al. The Al was therefore assumed complexed or 
polymerized by SO^ as suggested by Kotze and Diest (1975), 
and Reeve and Sumner, (1972).
E. Double Gypsum Equivalent
Exchangeable Al and Ca were re-leased rapidly with Al 
removal and accumulation proceeding faster than Ca. The 
effluent Ca level increased very gradually, thus suggesting 
retention or exchange by the Beauregard soil. There was 10 
times as much Al and Ca displaced by the double rate in 
comparison to the single rate. Ten PV removed most of the 
Al from the column. Kotze and Diest (1975) revealed that 
significant Al displacement occurred readily only in soils 
with 60% or higher Al saturation. This study revealed that 
reduction in Al content is possible even from soils with 20- 
30% Al saturation. It was noted that this information is
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important for high rainfall areas like Louisiana. Substan­
tial Al reductions are possible gypsum if is applied deep in 
the soil layers.
The resuslts of the extraction of the column sections
revealed trace amounts of Al still on the soil after
leaching. It was therefore concluded that the Al in the 
Beauregard soil was converted into non-exchangeable form.
Nearly 10 PV were needed to displace most of the Al and 
Ca from the Gigger soil column. Both Al and Ca were rapidly 
displaced from the Gigger soil up to 10 PV of leachate. 
Aluminum accounted for 3% of the TEC.
The double rate of gypsum released more Al from the
Gigger than the single rate. Therefore greater gypsum 
equivalent resulted in greater Al displacement.
The incorporation of gypsum followed by leaching with 
distilled-deionized water reduced Al content in the 
Beauregard and Gigger Bt soil columns. The columns retained 
Ca and displaced other cations from the exchange sites.
E. Solution of Four Gypsum Equivalents
The first few pore volumes of gypsum did not displace 
Al or Ca from the Beauregard soil column. There was 
increased displacement with increased volume input. Most of 
the Al and Ca were displaced by 27 PV of solution.
The extractable Mg was the only cation sufficiently 
displaced from the soil colloids. The cumulative displace­
ment curves of all other cations never leveled off.
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Aluminum accounted for 33% of the TEC leached from the 
Beauregard column.
The analysis of N KC1 extract showed that less than one 
percent of original extractable Al was still present. 
Aluminum was therefore converted into non-extractable form.
Results from the leaching of the Gigger column indi­
cated that detectable amounts of Al did not appear in the 
effluent until nearly 4 PV had been pulsed through the 
column. The Al cumulative displacement curve showed tail­
ing. There was slow release and adsorption of Al by the 
Gigger soil column. There was tailing indicated by the Ca 
cumulative displacement curve which was a result of delay 
appearance of Ca in the effluent. Nearly 10 PV were used 
before an increase in the slope of the curve was seen. The 
the Gigger soil column the Mg cumultive displacement curve 
was sigmoidal. There was a rapid increase in slope after 5 
PV. The Fe cumulative displacement curve never reached a 
plateau after a rapid break at 6 PV. The Mg and Mn cumu­
lative displacement curves were similar. The TEC displace­
ment curve showed that many of the cations were retained or 
their movement retarded as they moved through the soil 
column. The total Ca level in the effluent was much greater 
than the Al as expected since the solution was saturated 
with Ca.
Analysis of the sections by N KC1 extraction revealed 
that over a 90% reduction in extractable Al had been
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achieved. Since 15% Al saturation is considered aceptable, 
the deep placement of gypsum in high rainfall areas could
have a substantial effect on the subsoil Al in a few years
depending on the percolation rate.
Results on the Beauregard column sections showed that 
only 20% of the original Al was still on the soil column
after leaching. Aluminum was accumulated at lower depths in
the Beauregard soil column. The Gigger soil column did not 
manifest any distinctness in the Al level with depth. The N 
NH^OAc was a very poor extractant for Al from the Gigger.
F. Calcium-45 Labelled Gypsum Solution
The first detectable amounts of labelled Ca appeared in 
the Beauregard soil column effluent after 2 PV. Maximum 
detection occurred after 10 PV. The relative concentration 
curves for Ca is shifted to the right thus, indicating 
tracer exchange or precipitation.
The rate of Ca movement with the pulsing was determined 
from the actual concentrations. The breakthrough curve also 
showed that Ca was rapidly desorbed from the Beauregard soil 
column with distilled water. The location of applied gypsum 
was identified without actually measuring concentration.
Analysis of the soil column sections revealed a 62% 
reduction in original Al level. The potential for Al reduc­
tion with gypsum and water was identified. Aluminum was 
actually removed from the top half of the column into the 
bottom half. An adequate moisture level was present in all
145
column sections thus, indicating saturated flow was main­
tained. However, a slight increase in bulk density with 
depth was found.
45Six PV were used before detectable Ca was in efflu­
ent. There was Ca retention until 8 PV had been pulsed. 
The desorption portion of the curve showed a gradual Ca 
release after a rapid initial drop.
The N NH^OAc extract analysis indicated low levels of
Al still present. There were larger amounts of Ca and SO^
retained. Aluminum accounted for only 0.3% of the CEC 
while Ca accounted for nearly 99%. Calcium was evenly 
distributed throughout the sections. There was substantial 
Al reductions in all sections.
G. Chloride Movement in Soil Column
The breakthrough curve for the Beauregard showed a 
normal distribution. Chloride was detected in the effluent 
before 1 PV. The Cl was held back by the soil aggre­
gates .
The breakthrough curve for the Gigger was translated to 
theh left of one pore volume. Only 65% of the Cl came 
through the column. It was determined that the SO^ behaved 
in a similar manner but, with more being retained than the 
Cl because pH values were in the desired range.
H. Column Effluent pH
The effluent solution had low to medium pH value
depending on the stage of leaching. Except for the eluting
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period between Sample Number 17 and 25, most pH values 
ranged from 4 to 5.7.
I. General Conclusions
Results of these experiments revealed the following 
general points:
1) Pure water alone cannot displace Al from soil colloids.
2) The Beauregard soil retained more Ca than the Gigger 
soil.
3) Ten PV were sufficient to displace most of the Al from 
the colloids.
4) The greater the amount of gypsum applied the greater 
the amount of Al release.
5) Sulfate converted most of the Al into non-extractable 
forms.
6) Calcium displaces other cations and its accumulation 
was uniform throughout the column.
7) Aluminum was displaced earlier from the Gigger than the 
Beauregard.
8 ) The displacing Ca was uniformly distributed with each 
soil column at the termination of the displacement 
experiments.
9) The pH of the effluents were in the range where 
hydrolysis of Al was possible.
10) Total amount of Al leachate were considerably less than 
the initial exchangeable Al for both soils.
11) Labelled ^“*Ca and ~^C1 provided quick information about 
cation and anion behavior in soil.
12) The results from this research suggest that shallow 
gypsum treatments will be capable of providing Ca and 
SO^ while displacing significant amounts of subsoil Al 
from permeable acid soils that receive sufficient 
rainfall.
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